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ABSTRACT 

A rotating ring-disk electrode (RRDE) has been used to study 

heterogeneous catalytic reactions involving an immobilized enzyme. 

Glucose oxidase (E.C. 1.1.3.4.) has been immobilized by covalent 

attachment to a variety of disk electrode supports resulting in the 

rotating ring-disk enzyme electrode (RRDEE). Covalent attachment to 

graphitic oxide, platinum and carbon paste has been achieved using the 

bifunctional reagents glutaraldehyde or 1-ethyl-3(3-dimethyl amino-

propyl) -carbodiimide. 

By varying the electrode rotation speed, the effects of external 

substrate mass transport on the rate of enzymatic catalysis have been 

investigated. Extremely small diffusion boundary layers (ca. 10-25 ym) 

at the disk catalytic support, under conditions of well defined and 

reproducible hydrodynamics, facilitate this investigation. The rate of 

enzymatic catalysis is evaluated by spectrophotometrically monitoring 

the formation of the product in the bulk solution. Peroxide may 

also be conveniently monitored amperometrically at the concentric 

platinum ring giving a steady-state response proportional to the 

substrate concentration. 

It is assumed that the enzyme obeys Nichaelis-Menten kinetics. 

The intrinsic value of the heterogeneous apparent Michaelis-Menten 

constant (K') has been determined from Lineweaver-Burk plots for both 
m 

methods of product detection. Catalysis limited rates are observed only 

when the electrode rotation speed is high (io>1600 rpm) as established 

x 
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from linear Lineweaver-Burk plots and by calculating characteristic 

dimensionless parameters relating the ratio of the rate of catalysis 

to substrate mass transfer (e.g. the Damkoehler number and reaction 

velocity parameter). 

A careful characterization of the "immobilized enzyme layer" was 

necessary to evaluate the RRDEE as a viable model for these investiga

tions. The specific activity of the immobilized enzyme was measured 

and related to the disk supports, immobilization procedures, and 

subsequent enzyme loading. Specific activities range from <l%-55% of 

that of the soluble enzyme, and are very much affected by the micro-

environmental consequences of steric crowding and hydrophobic or 

electrostatic effects. 

Whereas the effects of external mass transfer resistances may 

be eliminated at high rotation speeds, any internal or intra-enzyme 

layer resistances may not. Using chronoamperometric techniques for 

several disk electroactive species, it was shown that the effective 

diffusion coefficients of small molecules within the enzyme layer are 

approximately 25-50% of the bulk solution value. K' determined from the 

ring amperometric measurements was found to be slightly larger than 

values determined from the bulk solution detection of product and was 

attributed to the interenzyme diffusion of product. This, however, was 

shown not to interfere with product detection under conditions of 

catalysis limited rates. 



INTRODUCTION 

Enzyme Systems 

Many chemical reactions in biological systems occur at an 

acceralated rate only in the presence of a catalyst. These catalysts 

are proteins that show remarkable specificity for a particular reaction, 

and are known to accelerate that reaction by greatly reducing the 

associated activation energy. These highly specialized proteins are 

called enzymes. 

Homogeneous Enzyme Systems 

A homogeneous enzyme system is generally defined as having all 

reactants, proteins included, soluble in the reaction mixture. 

Traditional studies of this type have served to evaluate the enzyme's 

kinetic response as defined by the Michaelis-Menten scheme (see 

Figure 1). In fact, homogeneous studies have served as a reference 

method to characterize enzyme kinetics probably because solution 

chemistry is well defined. The operational conditions for homogeneous 

analysis are readily understood. For example, an enzyme is composed 

primarily of polar and non-polar amino acid residues and will undergo 

maximum catalytic activity at a characteristic solution pH. Typical 

pH-activity profile curves are indicative of a specific ionizable group 

or groups within the viciinity of the enzyme active site; alternatively, 

a distant ionizable group may possibly induce a conformational change 

to the enzyme structure, thereby effecting the activity. At the 

1 
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Figure 1. Michaelis-Menten enzyme kinetic scheme. 
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optimum pH, the determination of enzyme activity at various substrate 

concentrations in this homogeneous mixture serves to establish the 

"intrinsic" kinetic parameters, V and K . V is defined as the 
max m max 

maximum velocity of enzymatic reaction at substrate saturation while 

K^, the Michaelis-Menten constant, is identified in Figure 1. 

Operationally, refers to the substrate concentration yielding half 

the maximal rate. Figure 1 also shows how data may be plotted in the 

usual Michaelis-Menten scheme, or the linearized, double reciprocal 

Lineweaver-Burk plot to obtain V and K . Lineweaver-Burk plots are 
max m 

favorable because they allow a linear extrapolation to obtain V 
max 

Although there are operational advantages in using a homo

geneous determination of V and K as a reference, it is now apparent ° max m 

that such measurements may be unrepresentative of the enzyme's 

environment in vivo. It is well known that many proteins, especially 

enzymes, exist in living tissues as integral parts of biological 

membranes. Certain enzymes may also show complications for homogeneous 

studies due to a specific instability (e.g. thermal instability, 

spontaneous deamination, or protease autolysis). The search for 

reaction conditions showing greater enzyme stability and representing 

enzymes as models for the iri vivo situation has led researchers to 

investigate the heterogeneous enzyme systems — the immobilized enzymes. 

Heterogeneous Enzyme Systems 
(Preparation) 

When an enzyme (or any protein) is associated with or con

strained to an insoluble matrix it is said to be "immobilized, 

insolubilized, matrix- or support-bound, or more simply attached" 
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(Zaborski 1973 and Mosbach 1976). The enzyme may further be 

characterized by the specific mode of attachment, e.g. "covalent, 

adsorbed, gel entrapped, copolymerized," etc. However, the term 

"insolubilized" has been incorrectly applied, and probably reflects 

early misconceptions about the heterogeneous system. Insolubilized 

implies that the enzyme as it now exists is strictly unsolvated. It 

is now known that this is not true although the solvation properties 

may be different from the bulk solution for a variety of reasons 

(Mosbach 1976). They will be discussed presently in terms of a model 

for the covalent attachment. 

Probably the most common mode of enzyme attachment is the 

covalent or chemical method. It is generally agreed that covalent 

immobilization may result in a more stable, highly active enzyme layer 

than an adsorption mechanism (electrostatic, hydrophobic, or protein-

protein interactions). A plethora of reactions have been investigated 

for covalent immobilization to a variety of supports (Zaborski 1973 and 

Mosbach 1976). One finds that this approach is probably the most 

applicable if not the most complex. However, the intricacies involved 

for covalent immobilization are usually overcome by the operational 

advantages mentioned. 

Figure 2 serves to qualitatively illustrate a predominantly 

covalently bound enzyme layer to a solid matrix support. The support 

must possess activated functional groups extending into solution for 

the desired chemical attachment of a sufficient number of active 

enzyme molecules; otherwise these groups must be introduced via chemical 

derivatization. Too few groups may result in an insufficient amount of 



MATRIX  SUPPORT 

Figure 2. Hypothetical enzyme layer for covalent attachment. — The enzyme (E) may be coupled 
to the activated support (A) via a bifunctional crosslinking agent ( VW* ) or 
intermediate spacer protein such as BSA (B). The possibility exists for single 
point attachment, both active (a) and inactive (b), multipoint attachment (c), 
adsorbed enzyme (d), unreacted functionalities (e), and interenzyme crosslinking (f). 

Ui 
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enzyme attached while too many may yield a sterically crowded, less 

active enzyme layer. It is furthermore desirable, although not 

necessarily expected, to have a homogeneous distribution of groups on 

the support such that a homogeneous enzyme layer may be obtained. The 

functional groups may then require chemical activation such that the 

enzyme may react directly with the group or indirectly via an inter

mediate "spacer arm" or "spacer protein" such as bovine serum albumin. 

Figure 2 illustrates these effects using a bifunctional crosslinking 

agent. This may also result in single-point and multi-point attachment 

as well as inter- and intra-enzyme crosslinks. From this standpoint it 

is desirable that the groups and activation do not inadvertently 

determine the characteristics of the immobilized enzyme. Undesirable 

absorption phenomena via the mechanisms already mentioned may result 

from exposed matrix support, unreactive functional groups, or 

unreactive spacer arms (Mosbach 1976). These are also illustrated in 

Figure 2. A highly charged or hydrophobic microenvironment imposed by 

the support, functional groups and activation procedure may significantly 

alter the enzyme's biological activity (the simplest example is the 

characteristic shift in the pH-activity profile). Furthermore, the 

point(s) of covalent attachment may render the enzyme active or 

inactive to varying degrees. It is not surprising that immobilization, 

particularly covalent, results in an enzyme environment quite different 

from the bulk solution. It is heterogeneous by definition of the 

solution/support interface. Furthermore, the enzyme layer may be 

expected to exhibit some heterogeneity (shown in Figure 2) by the 

presence of unreactive groups and various modes of attachment. 
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This latter effect may be minimized only by careful control of the 

immobilization procedure. 

Heterogeneous Enzyme Systems 
(Kinetics) 

The qualitative picture of what may be expected for an immobil

ized enzyme layer has not precluded a theoretical understanding of the 

kinetic behavior of the heterogeneous enzyme. The influences on the 

kinetic behavior of immobilized enzymes have been well reviewed 

(Goldstein 1976) and classed into four general effects: conformational 

and steric modifications; reactant partitioning; microenvironmental 

effects; and mass transport effects. These will be discussed presently 

in terms of the retention of biological activity, the consequences 

involved in the obtainment of the heterogeneous intrinsic kinetic 

parameters, and an explanation for any differences from the homogeneous 

intrinsic kinetic parameters. 

Conformational and steric modifications on the enzyme. The 

support and immobilization procedure utilized nay result in a 

stress dependent conformational change of the enzyme due to the protein's 

point or points of attachment to the matrix. The effect of "tying the 

protein down" in multipoint fashion may often result in further conforma

tional stability as has been demonstrated. Usual stability studies 

have involved activity measurements following heat treatments at 

various temperatures and incubation times. This was demonstrated for 

multipoint attachment of a-chymotrypsin copolymerized to the support 

(Martinek, Klibanov, Goldmacher, and Berezin 1977). A more elegant 
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experiment utilized differential scanning calorimetry. Enhanced enzyme 

thermostability due to conformational changes was demonstrated by Koch-

Schmidt and Mosbach (1977a) for lactate and liver alcohol dehydrogenases. 

In the presence of saturating concentration of the coenzyme NADH, the 

dehydrogenases gave denaturation thermograms showing an enhanced 

stability of several degrees. Similar studies showed that the denatura

tion thermostability of the enzymes ribonuclease-A and a-chymotrypsin 

increased upon increasing the number of attachment points between the 

matrix and protein (Koch-Schmidt and Mosbach 1977b). 

Steric modifications may be induced by the immobilization 

procedure. The accessibility of substrate to the active site may be 

hindered if the attachment of the enzyme is in the vicinity of the 

active site. These effects are not very well understood but may be 

controlled somewhat by utilizing a point of attachment believed to be 

removed from the active site. In this regard, many proteins contain a 

number of lysine residues that are believed to be removed from the 

active site. Consequently immobilization reactions involving a primary 

amino group (e.g. the e-amino group of lysine) of the enzyme have been 

very popular. In a slightly different context, accessibility of 

the active site was elegantly demonstrated by relating biological 

activity to the point of covalent attachment to the hormone insulin 

(Cuatrecasas 1969). Similar studies have been made in the field 

of affinity chromatography where it is important to orient the bound 

ligand (e.g. substrate) so that it can show specificity toward a 

particular protein via the active site. Steric accessibility was 
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related to the distance from the support through which this interaction 

must occur (Miller, Cuatrecasas, and Thompson 1971 and Steers, 

Cuatrecasas, and Pollard 1971). 

Pye and Chance (1976) have reviewed several investigations of 

physical properties on immobilized enzyme systems. Effects involving 

conformation and steric modification should contribute only to the 

heterogeneous intrinsic kinetic parameters. Maximum reaction velocities, 

V , and a substrate concentration yielding rates of V /2 may still 
max max 

be determined. However, this Michaelis-Menten constant is now 

symbolized as K' and termed an "apparent Michaelis-Menten constant" to 

signify the heterogeneous system. Ideally those effects would be 

minimized such that K'm = and the heterogeneous case approaches 

the behavior of the homogeneous system. 

Partitioning effects. The immobilized enzyme, in total or in 

part, probably will experience an electrostatic or lipophilic interac

tion by the support matrix or due to the immobilization procedure. 

Low molecular weight species may then partition between the enzyme 

microenvironment and the bulk solution. The simplest and most frequent 

example is the partitioning of hydrogen ions. Goldstein, Levin, and 

Katchalski (1964) pioneered this area and demonstrated a Boltzmann 

distribution partitioning of H+ between a charged immobilized enzyme 

layer (polyelectrolyte layer) and the bulk solution. For a polyanionic 

enzyme derivative (due to the support and/or immobilization 

procedure) the microenvironment will have a higher activity of H* 

(lower pH) than the bulk solution. The opposite is true for a 
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polycationic derivative. Consequently the pH-activity profile of an 

immobilized enzyme may be shifted towards more alkaline or acidic 

values for a polyanionic or polycationic derivative, respectively. The 

shift is related to the electrostatic potential of the charged enzyme 

derivative and may typically be as high as 2.5 pH units. Similar 

partitioning may occur for substrates (charged or neutral hydrated) 

affected by the polyelectrolyte immobilized enzyme layer. Assuming the 

Michaelis-Menten kinetic scheme is obeyed, the reaction rate will 

depend on the local equilibrium substrate concentration, and hence due 

to its partitioning, a similar change in Km will be observed. This 

shift to the apparent K ' should technically be called the "inherent" 
m 

apparent K' (Goldstein 1976). Specifically, if K* > K the micro-
m mm 

environmental concentration of substrate will be lower than the bulk 

and vice versa. 

The initial studies on partitioning were concerned with the 

effects of polyelectrolyte enzyme layers on pH and shifts, as well 

as the ionic strength influence of the buffer media. More recently 

there have been some elegant approaches directed towards enzyme stabili

zation simply by using a fundamental knowledge of chemistry. The 

enzyme hydrogenase is known to be oxygen labile. Klibanov, Kaplan, and 

Kamen (1978) have immobilized this enzyme in a highly charged micro-

environment thus "salting out" dissolved oxygen. In this particular 

instance the authors feel that the enzyme is stabilized sufficiently to 

meet requirements for practical applications in solar energy bioconver-

sion. 
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Microenvlronmental effects. Local electrostatic or hydrophobic 

effects imposed on the microenvironment of the enzyme active site may 

indeed later the enzyme's intrinsic catalytic properties. The implica

tion is that the catalytic pathway of the enzyme reaction would be 

modified by pertubations due to the chemical nature of the support and 

immobilization procedure. Goldstein (1973) again was instrumental in 

studying these effects. His system involved the enzyme chymotrypsin 

with both cationic and anionic charged enzyme-supports. The binding of 

an organic modifier anionic specie (including the product of this 

enzymatic reaction) to the cationic support effectively neutralized the 

enzyme microenvironment. The rate of catalysis, which had been shown 

to be dependent on two closely spaced positive charges, was thus 

increased hyperbolically with increasing modifier concentration. K1 

similarly increased and was attributed to an enhanced competition for 

substrate binding sites; cancellation of the cationic charged support 

effectively desolvated the microenvironment resulting in a possible 

diffusion limitation. An alternative approach was taken by Johansson 

and Mosbach (1974). They utilized the enzyme horse liver alcohol 

dehydrogenase covalently bound to crosslinked polymers of acrylamide 

and acrylamide-methylacrylate. Upon increasing the support hydro-

phobicity (i.e. the acrylamide-methylacrylate copolymer), K1 for the 

more hydrophobic substrate, n-butanol, decreased substantially whereas 

that for ethanol was unaffected. This was attributed to the preferen

tial partitioning of n-butanol in the copolymer matrix; this partitioning 

was determined independently. 
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Mass transport effects (diffusional limitations). There is 

considerable interest in the fields of electroanalytical chemistry, 

chemical engineering, and bioanalytical chemistry on the effects of mass 

transport processes, particularly pertaining to catalytic surfaces or 

surfaces where a reaction may occur. The heterogeneous situation 

(surface and solution interface) is unlike homogeneous solution chemistry 

in many ways and therefore diffusional limitations (i.e. mass transport 

resistances) to the solid supported enzyme layer must be considered as 

potentially limiting the overall rate of reaction. 

There is no clear-cut borderline between mass transport and 

catalysis controlled rates: mass transport controlled rates will be 

observed if the rate of enzymatic catalysis is fast compared to the rate 

at which substrate is transported to the catalytic layer. Conversely, 

catalysis limited rates will be observed if the opposite occurs. Two 

cases appear for a substrate diffusional mass transport limited rate: 

external diffusion and internal diffusion. External diffusion 

resistances arise from the depletion of substrate at the catalytic 

surface such that its concentration remains significantly less than the 

bulk solution concentration. Therefore substrate must be transported 

from the bulk solution to the catalytic surface across a boundary layer 

of thickness 6, the so-called unstirred or Nernst diffusion layer. 

Internal diffusion resistances pertain to the transport of substrate 

inside a porous catalytic support matrix (e.g. porous glass particles 

and permeable membranes). Furthermore, if the enzyme layer possesses 

extensive inter-enzyme crosslinks (e.g. with certain glutaraldehyde 

preparations) this may result in an internal diffusion limitation 



because of a sterically induced conformational modification. These 

conditions may also cause a product diffusion limitation, either 

internal or towards the sensing device. It would be necessary to 

distinguish a product diffusion limitation of this type from substrate 

diffusion; the possibility exists whereby the enzyme may obey intrinsic 

kinetics but inadvertently masked by a product diffusion limitation. 

Experimental evidence based on mathematical treatments have 

illustrated the importance of diffusion for both external (Hornby, 

Lilly, and Crook 1968, Goldman, Kedem, and Katchalski 1971, and 

Engasser 1978) and internal (Goldman, Kedem, and Katchalski 1971, 

Blaedel, Kissel, and Boguslaski 1972, and Bunting and Laidler 1972) 

limited reaction rates. These and other findings were substantiated by 

an elegant theoretical treatment presented for both situations (Horvath 

and Engasser 1974, Engasser and Horvath 1976, and Goldstein 1976). 

Others have presented theoretical aspects of diffusion and electrostatic 

effects on catalysis (with substrate and product inhibition) for 

membrane-bound enzymes (Kobayashi and Laidler 1974a). Effects of 

diffusion on the kinetics of two-substrate enzymatic reactions have also 

been studied (Engasser, Coulet, and Gautheron 1977 and Engasser and 

Hisland 1979). 

The classical criterion for evaluating a departure from 

Michaelis-Menten kinetics due to such diffusional resistances has been 

non-linear Lineweaver-Burk or Eadie-Hofstee plots (Horvath and 

Engasser 1974 and Goldstein 1976). Further evidence has been presented 

by calculating dimensionless parameters relating the rate of catalysis 

to the rate of mass transport. They are commonly defined as the 



Damkoehler number, Da (Horvath and Engasser 1974) and a suitable 

adaptation, the reaction velocity parameter, V (Mell and Maloy 1975 and 

Shu and Wilson 1976). Because there is no definitive borderline for 

mass transport or catalysis control, the former case is said to prevail 

if Da, V £ 10 and the latter case for Da, V ^ 0.1. Alternatively one 

may discern these effects by measuring the enzyme reaction rate 

dependence on temperature (Arrhenius plot). An increase in temperature 

will usually increase the rate of product formation until a maximal 

rate is achieved (typically 50-60°C). Above this temperature the 

rate sharply decreases due to the interconversion of native and denatured 

forms of the erssymp. From the slope of an Arrhenius plot in the 

temperature range of increasing enzymatic rates, one may calculate the 

enthalpy of activation, AH. This is typically between 8-16 kcal/mole. 

However, if the rate of the enzymatic reaction is substrate diffusion 

limited, AH decreases to 1-7 kcal/mole. 

An interesting development of immobilized enzyme technology has 

involved multiple enzyme systems. The analysis of sequential reactions 

confined in the immobilized state may serve as models for understanding 

membrane-bound metabolic pathways. Two methods have been investigated: 

1) coimmobilization of the enzymes on the same support matriz; or 

2) single component immobilization followed by support matrix mixing 

(Mosbach and Mattiasson 1976). Although optimum immobilization 

conditions are not readily obtained, it has been shown that higher local 

microenvironment concentrations of the intermediate substrate exists. 

This will establish a more favorable operating condition for the second 

enzyme in sequence, resulting in higher activities; sequential transport 
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may be considerably less than what is observed in free solution (i.e. 

less than the corresponding Nernst diffusion layer). This was 

elegantly demonstrated for a three-step sequential enzyme system 

involving malate dehydrogenase, citrate synthetase, and lactate 

dehydrogenase "triimmobilized" on Sephadex G-50 (Srere, Mattiasson, and 

Mosbach 1973). The overall enhanced activity efficiency was as high as 

400% more than the comparable solution method. More recent innovations 

have included the covalent coupling of an NAD-analogue directly to 

(i.e. in close proximity to the active site of) liver alcohol dehy

drogenase such that the coenzyme may be recycled via a "swing out" 

mechanism as opposed to the solubilized species diffusing through 

solution (Mansson, Larsson, and Mosbach 1979), and the covalent binding 

of flavin to the active site of the hydrolytic enzyme, papain, 

resulting in an oxidation-reduction catalyst (Levine and Kaiser 1978). 

Hydrodynamic Studies 

Traditional Systems 

Hydrodynamic effects for heterogenous enzyme catalysis have 

been traditionally studied by measuring reaction rates as a function of 

substrate concentration, temperature, enzyme loading, and by varying the 

solution stirring or flow rates. Some of the more common systems 

investigated have involved enzyme^membranes (Blaedel, Kissel, and 

Boguslaski 1972 and Mell and Maloy 1975, 1976), packed-bed immobilized 

enzyme reactors (Lilly and Hornby 1966, Hornby, Lilly, and Crook 1968, 

and Kobayashi and Moo-Young 1973), and open tubular enzyme columns 



(Horvath, Solomon, and Engasser 1973, Kobayashi and Laidler 1974b, 

Horvath and Pedersen 1976, and Ngo, Laidler, and Yam 1979) as well as 

non-enzymatic open tubular columns (Bird, Stewart, and Lightfoot 1960). 

In every instance, mass transport effects, and hence the kinetic 

behavior of the immobilized enzyme, were strongly dependent on the rate 

of stirring or flow through a column. Mell and Maloy (1975 and 1976) 

showed through digital simulation techniques that the current at an 

amperometric enzyme-membrane electrode will be limited by either the 

rate of enzyme reaction or the rate of diffusion through the membrane. 

Whether internal or external, these studies illustrate the importance 

of diffusion on the overall rate of catalysis. Diffusion across 

this unstirred layer has been traditionally circumvented by using higher 

substrate concentrations, lower enzyme loadings, and increased stirring 

or flow rates. Unfortuantely, hydrodynamic behavior is often neither 

well defined nor extremely reproducible. Furthermore, the sensitivity 

of these methods is limited even at turbulent flow rates because the 

diffusion layers are still relatively large (^35-150 ym) (Engasser and 

Coulet 1977). A better system is necessary to study the hydrodynamic 

effects on heterogeneous catalysis, one that has very reproducible and 

well defined small diffusion layers for various operational conditions. 

The Rotating (Ring-) Disk Electrode 

The hydrodynamics of a rotating disk electrode (RDE) have been 

rigorously described by Levich (1962). Solution flow fowards a 

rotating disk (encased in the end of an insulating rod) is uniform 

throughout the disk, well defined in terms of hydrodynamic and diffusion 
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boundaries, and very reproducible. The characteristic hydrodynamic flow 

begins at a distance into solution away from the disk at the so called 

hydrodynamic boundary layer, HY. Levich (1962) defines the hydrodynamic 

layer by the introduction of both radial and centrifugal flow components 

in addition to the axial flow towards the disk. The flow profiles are 

illustrated in Figure 3. It is important to realize that within the 

diffusion layer, axial flow has essentially zero convection (i.e. 

defining a diffusion limited process) whereas radial and centrifugal 

flow are by convective diffusion. In fact the centrifugal connective 

flow is maximized immediately adjacent to the rotating disk, and has 

the same velocity as the disk. 

The hydrodynamic boundary layer distance may be approximated by 

HY s 3.6(V/oj)1/2 (1) 

2 
where v is the solution kinematic viscosity (cm /sec) and w is the 

angular velocity (rotation speed, rad/sec). Extremely small diffusion 

boundary layers (typically 10-25 ym) are obtainable with the RDE as 

calculated from the following equation: 

6 = 1.61 D1/3v1/6uf1/2 (2) 

which stems from the Levich equation for a steady-state diffusion 

limited disk current, i : 
ss 

i = 0.62nFAC D2̂ 3v~1̂ 6a)1/2 (3) 
ss b 
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3. Solution flow profiles at a rotating disk. — The approximate hydrodynamic layer 
(HY) and diffusion layer (6) are shown along with the axial (A), radial (R), and 
centrifugal (C) flow profiles. 
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3 
where C, is the bulk analyte concentration (moles/cm ) and the other 

b 

terms assume the usual electrochemical significance. These and other 

common electrochemical boundary layers are shown in Figure 4 (Albery 

1975). 

An example of the RDE is shown in Figure 5. Also illustrated is 

an example of a rotating ring-disk electrode (RRDE) which has a 

concentric ring electrode isolated a short distance from the disk. A 

disk generated product may be independently monitored electrochemically 

at the ring, or detected in the bulk solution via conventional tech

niques. Reviews on the various applications of the RDE and RRDE for 

mass transport determinations have appeared recently (Heineman and 

Kissinger 1978 and Johnson 1980). Some of these studies have utilized 

the RDE or RRDE specifically as an instrument for well defined 

hydrodynamic flow. 

A rotating disk electrode has been recently utilized for 

investigating mass transport properties through permeable, hydrophyllic 

membranes. The rationale for a membrane covered RDE is that at low 

rotation speeds the diffusion layer to the disk membrane is relatively 

large and hence external diffusion is a major contributing factor to 

the total diffusional resistances. Under these conditions, the 

amperometric disk response towards analyte would be expected to approach 

or follow the usual Levich behavior. At high rotation speeds, 

solution diffusion to the membrane is negligible compared to membrane 

diffusion. The disk response would therefore be independent of 

rotation speed so that permeability, partitioning, and membrane 
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Figure 4. Summary of different layers below a rotating disk electrode. 
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diffusion coefficients may be evaluated from the appropriate 

mathematical equations. These effects were substantiated for ferri-

cyanide (Gough and Leypoldt 1979) and oxygen (Gough and Leypoldt 1980a) 

transport through a cuprophane membrane. These authors also investi

gated the current transient behavior for glucose, oxygen and 

hydroquinone through this membrane (Gough and Leypoldt 1980b). Whereas 

the transient behavior was qualitatively similar with or without the 

disk membrane, steady-state current densities were lower and independent 

of rotation speed for diffusion limited currents in the presence of 

this membrane. Others have investigated the voltammetric behavior of 

electrochemically inert, permeable thin-film polymeric coatings on a 

RDE (Delamar, Pham, Lacaze and Dubois 1980, and Lacaze, Pham, Delamar 

and Dubois 1980). Film and operational conditions were described in 

investigating the steady-state mass transfer, charge transfer, and 

diffusion properties for reversible and irreversible electrode reactions. 

These examples further demonstrated an adaptation of Levich's RDE theory 

by redefining the membrane/solution interface as the boundary from which 

the usual diffusion and hydrodynamic layers are defined. 

The feasibility of utilizing the RRDE to investigate mass 

transport properties to a disk-enzyme layer was first studied by Shu 

and Wilson (1976). The rotating ring-disk enzyme electrode (RRDEE) was 

thus developed. Through digital simulation techniques they demonstrated 

that the amperometric response for product detection of the disk was 

dependent on either the enzyme rate of catalysis or the external mass 

transport to the catalytic layer. The feasibility of using the ring to 



independently monitor a disk catalytic reaction was subsequently 

demonstrated (Kamin, Shu, and Wilson 1977). More recently, several 

disk-enzyme supports were investigated to characterize the immobilized 

enzyme layer in terms of mass transport properties to obtain the 

enzyme's intrinsic heterogeneous kinetic parameters (Kamin and Wilson 

1980). Through a careful characterization of the RRDEE system these 

authors have demonstrated a superior sensitivity in utilizing the RRDE 

for elucidating the effects of external mass transport to a hetero

geneous catalytic surface. A macroscopic representation of the disk 

enzyme layer in relation to the diffusion layer is shown in Figure 6 

(Kamin and Wilson 1980). The enzyme layer thickness should be less than 

the boundary layers mentioned: hence, the characteristic solution flow 

towards the rotating disk enzyme layer should not be impaired by the 

presence of the enzyme. 
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Figure 6. Relative domains of the enzyme layer and Nernst diffusion layer. — min. enz. layer 
is for the carbon past/amine surface and max. enz. layer is for the WGO/Teflon 7 A 
(2:1) surface (Kamin and Wilson 1980). N> 
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STATEMENT OF THE PROBLEM 

The goals of this research project may be categorized into 

three areas: 

1) Methods will be developed to produce a stable covalently bound 

active enzyme layer on a variety of disk supports to be incorporated 

into the RRDEE. The enzyme chosen is glucose oxidase (G.O.D.) which 

catalyzes the following reaction: 

B-D-glucose + On + H2O —^ gluconic acid + 1^02 (4) 

The disk supports investigated will be chosen as electrode or 

derivatized electrode materials incorporating graphite powder or 

platinum metal. The procedures and reaction schemes for immobilization 

are listed in the Procedures section of MATERIALS AND METHODS. 

2) It is the intent of this research to investigate the kinetic 

response of the various RRDEEs with respect to mass transport effects in 

solution and within the "enzyme layer." External substrate mass 

transport to the disk catalytic layer may be controlled via the rotation 

speed; at high rotation speeds this transport is facilitated to the 

extent that the overall rate of reaction is catalysis limited, and hence 

the intrinsic kinetic parameters may be obtained. Criteria for 

ascertaining catalysis controlled rates will be the adherence to 

linear Lineweaver-Burk plots and the measurement of the reaction velocity 

parameter and Damkoehler number. Two independent methods of product 

detection will be employed: 1) ring amperometric detection of ^©2 and 

25 



a spectrophotometry bulk [i^Oj] determination. This system will not 

only allow for external substrate diffusion limitations, but also for 

any internal product limitation (under conditions of no external limita

tion) towards the mode of detection. Internal diffusion will be 

investigated using chromoamperometrlc techniques for disk electroactive 

species. 

3) Finally the immobilized enzyme layer of the various RRDEEs will 

be characterized in terms of overall coupling reactions (disk supports 

chosen, derivatization and activation, and subsequent enzyme loading 

both covalently and adsorbed). The resultant enzyme activity will be 

related to the amount of enzyme immobilized and the immobilization 

procedures used. The characterization of the immobilized enzyme layer 

will furthermore be discussed in evaluating the RRDEE as a model for 

investigating the previously mentioned effects governing heterogeneous 

catalytic systems. 



MATERIALS AND METHODS 

Instrumentat ion 

Rotating ring-disk electrodes, Model DT-6 and Model DT-1001, 

were purchased from Pine Instrument Co., Grove City, Pennsylvania. 

Pine Instrument Model PIR and Model MSR rotators were used for the DT-6 

and DT-1001 electrodes, respectively. The PIR rotator utilizes nine 

discrete rotation speeds (400, 900, 1600, 2500 rpm, etc., up to 

10,000 rpm) whereas the MSR rotator is variable from 0-10,000 rpm. The 

electrodes incorporate either a disk cavity (for a paste filling) or a 

platinum disk, and a concentric platinum ring separated from the disk 

by a small insulating epoxy or Teflon gap. The specifications of the 

electrodes are given in Table 1. 

Electrochemical measurements were carried out using a slightly 

modified version of a four electrode potentiostat described previously 

(Shabrang and Bruckenstein 1975). The electrochemical cell employed a 

heavy gauge platinum wire counter electrode and a Ag/AgCl reference 

electrode. All potentials were measured vs the Ag/AgCl reference 

electrode (E°' = 0.200 V). The electrochemical cell is shown in Figure 7. 

All spectrophotometric measurements were performed on a Cary 219 

UV/VIS recording spectrophotometer. All fluorescence measurements were 

carried out on a Perkin Elmer Model 204A spectrofluorometer; the 

fluorescence intensity was read directly from the fluorometer. 

125 
The decay of I was monitored with a Nal(Tl) detector (3" 

by 3" crystal) equipped with an Omega-1 Canberra Industries 

27 
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Table 1. Specifications of the rotating ring-disk electrodes. 

DT-6 DT-1001 
platinum disk, disk cavity, 
platinum ring platinum ring 

r^ 0.385 cm 0.195 cm 

0.395 cm 0.240 cm 

r_ 0.425 cm 0.285 cm 
2 2 

disk area 0.466 cm 0.119 cm 
2 2 

ring area 0.077 cm 0.074 cm 
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K 

Figure 7. Electrochemical cell for RKDEE. — (A) Ag/AgCl reference 
electrode; (B) platinum wire counter electrode. 
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multichannel analyzer. The integrated area under the 0.027 MeV Kq x-ray 

decay peak served to determine the amount of immobilized radiolabeled 

glucose oxidase. 

Solutions and Reagents 

Unless otherwise mentioned, all chemicals used were of 

analytical reagent grade. D-glucose stock solutions of various con

centrations (200-15,000 mg/dl) in deionized water were allowed to 

mutarotate at room temperature for 24 hours before using. All glucose 

solutions were prepared from the stock solution in phosphate buffer 

(0.1M) at the pH optimum of the immobilized enzyme. Stock glucose 

solutions and stock buffers (1.0M) were stored at 4° C and were dis

carded upon visual indication of bacterial contamination (i.e. white, 

floculent material in solution). Glucose oxidase (E.C. 1.1.3.4,, Type 

II, 26,000 U/g from Aspergillus niger), horseradish peroxidase 

(E.C. 1.11.1.7., Type II, 145,000 U/g), lactoperoxidase (E.C. 1.11.1.7., 

58,000 U/g), catalase (E.C. 1.11.1.6, 13,000 U/mg), o-dianisidine, and 

l-ethyl-3(3-dimethyl aminopropyl)-carbodiimide were purchased from Sigma 

Chemical Co., St. Louis, Missouri and were stored as suggested by Sigma. 

125 
Allylamine (ICN K+K Laboratories) was distilled before use. I was 

purchased from ICN Pharmaceuticals, Inc., Irvine, California, in the 

125 
form of 20 mCi/ml sodium [ I] iodide in NaOH (17 Ci/mg I at 100% 

isotope enrichment). Glutaraldehyde (25%) and octadecylamine (tech., 

90%) were obtained from Aldrich Chemical Co., Milwaukee, Wisconsin. 

Glutaraldehyde was stored at -20° C in the dark to minimize polymeriza

tion. Teflon 7A powder (Drum 8452, 0.1-0.2 ym particle size) was a gift 
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from E. 1. DuPont DeNemours and Co., Wilmington, Delaware, Graphite 

powder (Acheson Grade #38) was purchased from Fisher Scientific Co. 

Procedures 

Enzyme Immobilization 

The desired covalent attachment of glucose oxidase to a 

variety of disk supports was achieved, in general, by a three step 

procedure involving: 1) derivatization of the disk support; 

2) activation with a suitable crosslinking reagent; followed by 

3) enzyme coupling. The entire procedure is given for each of the 

disk supports investigated. These are: 1) graphitic oxide/Teflon 7A; 

2) platinum/allylamine; and 3) carbon paste/amine. 

Graphitic Oxide/Teflon 7A. Graphite powder was oxidized to 

introduce acidic functionalities for subsequent covalent enzyme 

attachment. Oxidized graphite is referred to as graphitic oxide (Brodie 

1859). Graphitic oxide was prepared by both a wet chemical oxidation of 

graphite and by a dry oxygen plasma ashing. The wet chemical oxidation, 

designated WGO for wet graphitic oxide, was prepared in a similar 

manner to Hummers and Offeman (1958) by vigorously stirring a mixture 

of 6.0 g graphite powder, 3.0 g NaNO^, and 140 ml concentrated I^SO^ in 

a 500 ml three-neck round-bottom flask. The temperature was maintained 

at 0° C with an ice bath, and upon the slow addition of 18.0 g KMnOj, 

was kept at <20° C. The temperature was allowed to increase to 35±3° C 

for 30 minutes whereupon 280 ml of deionized water was slowly added. 

This increased the temperature to 98±3° C where it was maintained for 



15 minutes. The suspension was then further diluted with 400 ml warm 

H2O. The WGO, now having the consistency of a brown muddy cake, was 

extensively washed in a Buchner funnel with hot dilute HCl followed by 

hot deionized water. The cake was dried overnight in an oven, 

crushed with a mortar and pestle, and finally vacuum dried at 110° C 

for several hours. The oxygen plasma treated graphite, designated 

DGO for dry graphitic oxide, was prepared in a low temperature asher 

(LFE Corp., Waltham, Massachusetts) at a pressure of 150 m torr oxygen 

for 30 minutes and an r.f. power of 50 watts. The graphite was 

initially extracted for 24 hours in a Soxhlet apparatus using 

anhydrous methanol. The graphitic oxides (WGO and DGO) were mixed in 

known weight ratios with a fine Teflon powder (Teflon 7A) and 

T 
homogenized for several minutes using a Wig-L-Bug . The mixture was 

wetted with ethanol and carefully packed into the disk cavity. It is 

necessary to pack the wetted paste a little at a time while evaporating 

off excess ethanol using a portable hair dryer. Finally, the disk 

surface was smoothed with a Kimwipe and the ring and gap were wiped 

clean with ethanol. The electrode was allowed to rotate in phosphate 

buffer (pH = 6.5, 0.1 M) overnight to wet the surface. The disk was 

then allowed to react with l-ethyl-3(3-dimethyl aminopropyl)-

carbodiimide (0.1 g/ml in buffer) for 45 minutes. After washing at 

400 rpm for 5 minutes in 20 ml buffer, the disk was allowed to react 

for 20 minutes with a glucose oxidase solution (25 mg/ml in buffer) at 

room temperature. The electrode was then washed in 50 ml buffer at 

2500 rpm for 5-10 minutes to remove physically entrapped or weakly 
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bound enzyme. When not in use, the electrode was stored in phosphate 

buffer (pH = 4.5, 0.1 M) at 5° C. The immobilization scheme is shown 

in Figure 8. A Teflon 7A disk enzyme electrode was prepared 

identically, but without graphitic oxide present. This was used for 

determining the amount of glucose oxidase immobilized directly on the 

Teflon 7A surface as opposed to the graphitic oxide (see the Enzyme 

Loading section of RESULTS AND DISCUSSION). 

Plat inum/Allylamine. To obtain a stable covalently bound 

enzyme layer on platinum it is necessary to introduce an appropriate 

functional group on the surface in an orderly fashion. Allylamine has 

been reported to strongly chemisorb in an orderly fashion onto a clean 

platinum surface (Lane and Hubbard 1973). The platinum RRDE was 

initially cleaned using a potential sweep in deaerated 1.0 N HCIO^ 

(Lane and Hubbard 1973) or by polishing with 1/4 micron Metadi Diamond 

Compound (Buehler, Ltd., Evanston, Illinois) followed by an ethanol 

wiping. The clean platinum disk was positioned upright and allowed to 

react with a dilute solution of allylamine (106 mM) at room temperature 

for 20 minutes. The electrode was washed at 400 rpm in 20 ml phosphate 

buffer (pH = 6.5, 0.1 M) and again positioned upright. A glucose 

oxidase solution consisting of 20 mg enzyme, 1 ml phosphate buffer 

(pH = 6.5, 0.1 M), and 0.4 ml glutaraldehyde (10%) was applied to the 

disk for 15 minutes. The electrode was then washed at 2500 rpm in 50 ml 

phosphate buffer (pH = 6.5, 0.1 M) and stored at 5° C in phosphate 

buffer (pH = 5.25, 0.1 M). The immobilization scheme is shown in 

Figure 9. 
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Carbon Paste/Amine. The procedure for obtaining a stable 

covalently attached enzyme layer to this support has been investigated 

(Shu and Wilson 1976). It involves dissolving a long chain saturated 

aliphatic amine (octadecylamine, 5-10 mg) in warm Nujol (3 ml) before 

preparing the carbon paste. The aliphatic chain must be of this 

desired length to remain firmly imbedded in the paste while the amine 

head protrudes into solution as the site for covalent immobilization. 

The carbon paste was then prepared in the usual manner by mixing the 

3 ml Nujol with 5 g graphite powder. The paste was carefully packed 

into the disk cavity, the surface smoothed with a piece of weighing 

paper, and finally the ring and gap wiped clean as usual. The electrode 

was allowed to rotate at 400 rpm in a 12.5% glutaraldehyde solution for 

10-15 mintues, followed by washing in 20 ml cold phosphate buffer 

(pH = 6.5, 0.1 M) for 2 minutes. The rotating electrode was then 

dipped into a bovine serum albumin (BSA) solution (5 ml, 0.1 g/ml) 

for 3 minutes followed by another identical buffer washing. The 

electrode was then positioned upright and a glucose oxidase solution 

was applied to the disk. The enzyme solution consisted of 20 mg 

glucose oxidase, 1 ml phosphate buffer (pH = 6.5, 0.1 M) and 0.4 ml 

glutaraldehyde (10%). After 10 minutes, the electrode was washed at 

2500 rpm for 5-1C minutes in buffer and stored at 5° C in phosphate 

buffer (pH = 6.5, 0.1 M). The immobilization scheme is shown in 

Figure 10. 
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Enzyme Layer Characterization 

The immobilized enzyme layers on the various disk surfaces 

were characterized in terms of the support derivatization and activation, 

subsequent enzyme loading, and observable enzyme activity. The 

procedures used to evaluate these were as follows . 

Support Derivatization and Activation. Acid-base microtitra-

tions were used to determine the surface coverage of acidic groups 

introduced to the graphitic oxides. Excess base was allowed to react 

with graphitic oxide samples for 48 hours and, after filtration, was 

back-titrated with HC1 (Boehm, et al. 1964 and Coughlin and Ezra 1968). 

A Radiometer ABU12 Autoburette was used to deliver the titrant. All 

titrations were carried out in a jacketed vessel maintained at 25.0 

(± 0.1) °C. A nitrogen stream saturated with water vapor was passed 

over the solution during the titration. A glass-saturated calomel 

electrode pair, calibrated with NBS buffers at pH 4.01 and 6.86, 

together with an Orion Model 701 Digital pH meter were employed for the 

pH measurements. The data were analyzed via linearization of the 

titration curves using the modified Gran plots described elsewhere 

(Seymour, Clayton, and Fernando 1977). Activation and coupling pro

cedures were subsequently optimizied in terms of the resultant 

enzymatic activity. 

Whereas the initial allylamine coverage onto a clear platinum 

surface was reported (Lane and Hubbard 1973) an optimal amount of 

octadecylamine dissolved into warm Nujol of the carbon paste mixture 
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was determined by varying the amount (0-50 mg). This optimization was 

also in terms of resultant enzymatic activity. 

Enzyme Loading.• Since the anticipated amount of enzyme 

immobilized on the small disk supports was rather small, extremely 

sensitive techniques for determining the enzyme loading were necessary. 

Two methods were investigated: 1) prosthetic group analysis by 

molecular fluorescence; and 2) radiolabeling of glucose oxidase with 

125I. 

1) The prosthetic group of glucose oxidase, flavin adenine 

dinucleotide (FAD), was removed from either the soluble or immobilized 

enzyme upon treatment with trichloroacetic acid (TCA) (Udenfriend 1962) 

or acid ammonium sulfate (Swoboda 1969). Although both methods were 

tried, the TCA treatment was chosen. The RRDEE was treated with 0.5 M 

TCA at room temperature for 15 mintues. The released FAD was collected 

and hydrolyzed overnight at 38° C in the dark to yield flavin mono

nucleotide (FMN). The pH of the solution was adjusted to 6.3 with the 

addition of I^HPO,^. Fluorescence measurements were obtained using 

A = 450 nm and X = 535 nm. Calibration curves were obtained from 
ex em 

suitable dilutions (in phosphate buffer pH = 6.3, 0.1 M) of a stock 

solution of either FMN or riboflavin since their fluroescence 

properties are identical under these conditions. The stock riboflavin 

-4 (10 M) was prepared weekly and stored in the dark at 5 C. Blank 

fluorescence was measured directly after the addition of a few 

crystals of sodium dithionite to the cell, reducing the FMN or 

riboflavin, and quenching its fluorescence. 
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2) Glucose oxidase was iodinated under various conditions: 

(a) the chloramine-T method (Greenwood and Hunter 1963); (b) the 

same method but under milder oxidizing conditions; and (c) by the 

lactoperoxidase method (Marchalonis 1969). Method (a) proved to be 

too vigorous an iodination and was accompanied by complete loss of 

enzymatic activity. Methods (b) and (c) retained activity. These 

iodinated enzyme preparations were subsequently neutron activated, and 

128 
the I decay peak counted on a Ge(Li) detector. Method (c) proved 

to be superior and was therefore chosen for all future radioiodinations 

125 ( I) of glucose oxidase. The procedure used was as follows: 

125 1 mCi I (20 mCi/ml) was added to 200 mg glucose oxidase in 2 ml 

phosphate buffer (pH 7.3, 0.5 M) containing 1 mg lactoperoxidase and 

66 pg unlabeled KI. The reaction mixture was allowed to stir slowly 

at room temperature in a polyethylene vial. Hydrogen peroxide (10 pi, 

0.35 M) was slowly added to initiate the reaction. After 45 minutes, 

the reaction was terminated by the addition of cysteine (Sigma) (2 ml, 

1.0 M). The iodinated enzyme was dialyzed using Spectra/Por 1 

dialysis tubing (M.W. exclusion limit 6000-8000) at 5° C against a 

phosphate buffer (pH=6.5, 0.1 M) for one week. No loss in enzyme 

activity was detected upon iodination. The iodination efficiency was 

125 
determined from the I specific activity and found to be approximately 

0.2 mole I/mole G.O.D. RRDEEs prepared with the iodinated enzyme were 

counted using a Nal (TJl) detector previously mentioned. 
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Enzyme Layer Hydrodynamic Transport. The disk electrode 

properties of the carbon paste/amine RRDEE and a carbon paste RRDE were 

compared using chronoamperommetric techniques to evaluate mass transport 

and/or partitioning effects within the enzyme layer of the RRDEE. 

Charging current transient behavior for "blank" solutions were treated 

in the manner of Dahnke, Fratoni, and Perone (1976) to evaluate the 

electrode double layer decay time constant. Faradaic currents for 

hydroquinone, iodide, and ferricyanide in blank were evaluated in terms 

of both transient and steady-state behavior. Experimental conditions 

are summarized in Table 2. An "instantaneous" potential step from E^ 

(potential of no faradaic activity) to E£ (potential of diffusion 

limited faradaic current) was applied to the disk using a Princeton 

Applied Research PAR Model 173 potentiostat. The triggering of the 

potentiostat and subsequent current data acquisition over the time 

interval of 0-200 m sec were performed with a Hewlett-Packard 2100A 

minicomputer using program AXX written by Frank R. Shu (Langhus 1978). 

The current output of the potentiostat is filtered and digitized using 

an ADC. With the aid of a real time clock (built by Douglas P. Root) 

a sampling frequency of 1000-2000 Hz was determined beneficial for 

acquiring current-time data for the double potential step (the second 

step returns to E^). A current-time plot for a single or averaged 

multiple trials is displayed on a terminal screen for inspection. A 

paper tape containing the data is produced and then analyzed using 

program ABST (also written by Frank R. Shu). 
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Table 2. Experimental conditions for potential step chronoamperometrlc 
measurements of disk transport properties. 

System Concentration E^ (vs Ag/AgCl) E2 

Hydroquinbne 
in phosphate buffer 2.37 mM 0.00 V + 0.90 V 
pll = 6.0, 0.1 M 

Potassium iodide 
in phosphate buffer 2.63 mM + 0.40 V + 0.90 V 
pH - 6.5, 0.1 M 

Potassium Ferricyanide 
in phosphate buffer 
pH = 6.5, 0.1 M 

1.55 mM + 0.38 V - 0.30 V 



Enzyme Activity. The activity of the lyophilized enzyme 

reagents utilized throughout this investigation was spectrophoto-

metrically verified according to the procedures provided by the vendor. 

In addition, the activity of the soluble glucose oxidase was taken as 

the homogeneous value and used for any further comparison. 

Immobilized enzyme (RRDEE) activities were determined by 

measuring the formation of from the glucose oxidase reaction by 

two independent methods. The formed at the disk catalytic layer 

was either monitored by amperometric oxidation at the ring, 

H202 > 02 + 2H+ + 2e~ E = +0.75v (5) 

or by spectrophotometrically determining its bulk concentration via the 

oxidation of o-dianisidine dye in the presence of horseradish 

peroxidase (H.R.P.O): 

H.R.P.O. . 
H„0„ + o-dianisidine > H90 + o-dianisidine 

(r) (o) 

The amperometric method is strictly not a measurement of 

enzymatic activity (ymoles ̂ 2^2 ôrme<̂ /m*11) since it responds to the 

steady-state ^2^2 concentrat:'-on profile gradient at the electrode. For 

detecting at the ring, the RRDEE was allowed to rotate for 20 

seconds in the glucose solution at which time a potential of + 0.75 V 

was applied to the ring. The current transient was measured after 1 

minute, at which point the potential was switched to -0.20 V for 1 

minute. This procedure was found to give very reproducible results. 
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The bulk solution determination serves to measure the total enzymatic 

activity as the formed is subsequently swept into the bulk 

solution. The RRDEE was allowed to spin in glucose solutions of near-

saturating concentrations. A sample of this solution was taken after 5 

minutes and then added to an o-dianisidine dye (0.002 M) and horseradish 

peroxidase solution (60 U/ml). The absorbance change at 460 nm 

(e = 8440 1/mol-cm) is proportional to the amount of peroxide formed 

and is linear at peroxide concentrations greater than 5 x 10 ̂  M. A 

plot of peroxide formation vs time was found to be linear for up to 

20 minutes and to pass through the origin. From both methods, 

Lineweaver-Burk plots were constructed to obtain the kinetic variables, 

i , V , and K' . 
max max m 



RESULTS AND DISCUSSION 

For the purposes of this investigation, it was foremost 

necessary to obtain a stable enzyme layer of glucose oxidase attached, 

preferably by a covalent bond, to several disk electrode support 

materials. A detailed characterization of this enzyme layer in terms of 

the immobilization reactions, subsequent enzyme loading, and concomitant 

activity was essential. The response characteristics of the RRDEE 

system were also characterized to enable a detailed investigation of the 

enzyme's heterogeneous kinetic parameters. This system serves as a 

model for any further investigations into heterogeneous catalysis. 

RRDEE Preparation 

The desired covalent attachment involved support derivatization, 

activation with a suitable bifunctional reagent, and finally enzyme 

attachment. They will be discussed individually in terms of each support 

material utilized. 

Support Derivatization 

Graphite was considered a desirable support for covalent 

attachment since it is a stable inexpensive electrode material, yet is 

amenable to chemical derivatization. Derivatization of graphite and 

other forms of carbon has received considerable attention (Boehm et al. 

1964, Coughlin and Ezra 1968, and Panzer and Elving 1975). Acidic 

functionalities may be produced on graphite by a chemical oxidation 

45 
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utilizing various oxidants such as KMnO^ or (NH^)2S20g (Boehm et al. 

1964 and Coughlin and Ezra 1968) or the combination of oxidant with 

l^SO^ (Hummers and Offeman 1958). Alternatively, one may produce acidic 

functionalities by a dry heat treatment (Watkins, Behling, Kariv and 

Miller 1975) or by a radiofrequency oxygen plasma ashing (Marsh et al. 

1974 and Evans and Kuwana 1977, 1979). The surface oxides formed by 

these various treatments include both weak and strong carboxylic acids, 

phenolic hydroxyls, and quinone-like carbonyls (Panzer and Elving 1975). 

These are known to occur along the edge structure of graphite as 

depicted in Figure 11. The exact nature of the oxides and their 

abundance depends on the source of the graphite or carbon and on the 

oxidation procedure. 

The formation of surface oxides may be qualitatively detected by 

IR spectrophotometry using the Nujol mull or KBr pellet (Garten, Weiss 

and Willis 1957), or by an internal reflectance technique (Mattson, Mark 

and Weber 1969). The Nujol mull and KBr pellet techniques were 

investigated for both the WGO and DGO. The results of the mull indicated 

the presence of carboxylic acid groups on the WGO by the small absorption 

band at 1720 cm \ This is consistant with the spectra of Hadzi and 

Novak (1955). A predominance of adsorbed water was also shown. The KBr 

pellet technique proved to be even less informative, as did both methods 

for the DGO. 

A quantitative method for detecting the various surface acidities 

was desired, and consequently acid-base titrations of the graphitic 

oxides were investigated (Coughlin and Ezra 1968). This consists of 
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HOOC CO OH OH 

It 
0 

II 
HOOC COH 0 O- OH 

12 

Figure 11. Acidic organic functional groups reported for graphite 
surfaces. — I and II carboxyl; III phenolic hydroxyl; 
IV carbonyl. 
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reacting graphitic oxide with an excess base of known concentration, 

filtering, and backtitrating the unreacted base with standardized acid. 

The results of the acid-base microtitrations of the WGO and DGO samples 

are listed in Table 3, which also shows the neutralizing capabilities of 

various bases. The wet method of oxidation was shown to introduce 

greater than an order of magnitude more acidic functionalities than the 

dry method. A consequence is that the ordered graphite framework is 

destroyed to the extent that it becomes nonconducting (Brown and Storey 

1928). This may prove to be advantageous for providing sufficient sites 

for enzyme immobilization; however, it precludes the use of the disk as 

an electrode sensor. The total surface coverage of carboxylic acid and 

-9 2 
phenolic hydroxyl groups would correspond to about 3.6 x 10 moles/cm 

-9 2 
and 0.2 x 10 moles/cm for the WGO and DGO, respectively. This 

2 
calculation was based on the assumption of a surface area of 100 m /g 

for graphitic oxide. The last colume of Table 3 shows a comparison of 

the surface acidities to an oxidized microcrystalline carbon (Coughlin 

and Ezra 1968). The results compare favorably. On the basis of these 

results it seemed feasible that adequate enzyme loadings may be 

obtained on these supports. 

To produce a stable enzyme layer on platinum or carbon paste, it 

has been necessary to introduce an amine terminated spacer arm. Allyl-

amine has been chemisorbed on a clean platinum disk of the RRDE. Lane 

_9 
and Hubbard (1973) report the ordered surface coverage to be 0.76 x 10 

2 
moles/cm . As with the graphitic oxide supports, functional group 

-9 2 
coverage of approximately 10 moles/cm appears sufficient to produce a 



Table 3. Surface acidic functions of graphitic oxide samples (meq/g). — Bicarbonate reacts with 
Group 1, carbonate with Groups 1-2, hydroxide with Groups 1-3, and ethoxide with 
Groups 1-4 (see Figure 10). 

D.G.O. W.G.O. Columbia Carbon 
Acheson Grade #38 Acheson Grade #38 LC325 (Microcrystalline) 

Unoxidized Oxidized Unoxidized Oxidized Unoxidized Oxidized 
Surface Oxides 

Groups Formed 

0.00 
1. Strong Carboxylic 

2. Weak Carboxylic 

3. Phenolic Hydroxyl 0.19 

4. Carbonyl (Quinone) 

0.00 

0.23 

0.00 

0.19 

1.47 

2.09 

0.11 

0.01 

0.26 

3.10 

1.12 

•c* 
vO 
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stable covalent enzyme layer. The coverage of allylamlne precludes the 

use of the disk as an electrode sensor for 1^02 as was shown for the 

WGO/Teflon 7 A supports. Octadecylamine was found to be a suitable 

functional group for immobilization on a carbon paste electrode (Shu 

and Wilson 1976). It was subsequently determined that an optimal amount 

of octadecylamine dissolved in the Nujol of the carbon paste preparation 

(see MATERIALS AND METHODS) is 5-10 mg as shown in Figure 12. The 

surface coverage of amine exposed has not been determined, however it 

should be noted that this immobilization procedure involves an inter

mediate spacer protein, bovine serum albumin (BSA). The BSA provides 

additional coupling sites and serves to stabilize the enzyme layer (Shu 

and Wilson 1976). The loss of ring detection of product for >50 mg 

octadecylamine (Figure 12) may have resulted from insufficient active 

enzyme attachment or a congested enzyme layer exhibiting steric 

constants. Upon investigating the enzyme loading, this latter effect 

was shown to prevail. 

Enzyme Attachment 

The coupling reagents utilized were glutaraldehyde and 1-ethyl-

3(3-dimethyl aminopropyl)-carbodiimide. These are considered bi-functional 

reagents and, depending upon the method employed, may lead to intra-

and inter-enzyme crosslinking in addition to the desired enzyme-support 

crosslinking. In certain instances, inter-enzyme crosslinks may be 

advantageous for added stability. However, this inevitably leads to 

multiple layers of enzyme. The procedure using glutaraldehyde (for the 

platinum/allylamine and carbon paste/amine surfaces) undoubtedly yields 
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Figure 12. Effect of octadecylamine concentration in carbon paste on RRDEE response. — 
Carbon paste is made from 5 g graphite powder and 3 ml Nujol. 
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inter-enzyme crosslinking. This, in conjunction with the rest of the 

immobilization procedure, may account for the very sensitive response of 

the carbon paste/amine support towards the amount of octadecylamine 

present. The carbodiimide procedure (for the WGO/Teflon 7 A and 

DGO/Teflon 7A surfaces) probably does not result in inter-enzyme cross

links which may explain that they are more reproducibly prepared based 

on enzymatic response. Regardless, both procedures were shown to yield 

stable enzyme "layers" maintaining approximately 75% of the initial 

activity after a month's use. 

Enzyme Loading 

It was essential to accurately determine the amount of enzyme 

attached to the various supports in order to subsequently characterize 

the heterogeneous enzyme's behavior. Since the geometrical area of the 

disk surface is small, a sensitive technique for detecting monolayer 

coverage or less was necessary for quantitating the enzyme loading. 

The first technique investigated involved a prosthetic group 

analysis by fluorescence measurement of the flavin adenine dinucleotide 

(FAD) removed from glucose oxidase by acid treatment. These results are 

shown in the first column of Table 4 indicating less enzyme loading than 

expected from the initial functionality coverage. The method of 

fluorescence analysis was not found to be very reproducible and was 

susceptible to low results due to the possible incomplete removal and 

collection of the FAD. 

The second method investigated involved the radioiodination 

125 125 
( I) of the soluble glucose oxidase. The decay of I was monitored 



Table 4. Enzyme loading on RKDEE disk supports. 

6.O.D. Immobilized G.O.D. Immobilized 
Fluorescence Assay ^^1 Label Assay 

RRDEE (moles/cm^)a (moles/cm^)3 (moles/cm^)*5 

WGO/Teflon 7A 

(2:1) w/w 

(1:1) 

(1:2) 

(1:3) 

DGO/Teflon 7A 

(1:1) w/w 

Platinum/Allylamine 

Carbon Paste/Amine 

1.0(±0.5) x 10"11 

5.3(±2.7) x 10'11 

3.7(±1.9) x 10-11 

5.7(±1.1) x 10"9 

3.5(±0.7) x 10~9 

3.1(±0.6) x 10~9 

2.1(±0.4) x 10"9 

5.6(±1.1) x 10-10 

1.3(±0.3) x 10-11 

1.7(±0.3) x 10-11 

4.6(±0.9) x 10~9 

3.2(±0.6) x 10~9 

3.5(±0.7) x 10~9 

2.8(±0.6) x 10"9 

5.2(±1.0) x 10~10 

Based on disk geometrical area 

k Based on surface area of graphitic oxide 
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via conventional gamma detection. The various surfaces used in this 

-11 -9 
study support a range of enzyme loadings from 10 to greater than 10 

2 
moles/cm as shown in the second column of Table 4. The fluorescence 

assay results are not in agreement with the radiolabeled enzyme results; 

the latter shows roughly two orders of magnitude more enzyme attached. 

125 
The I results showed greater precision and were considered to be 

less susceptible to error than the FAD detection. Consequently the 

radiolabel results were used for all further calculations and discussions. 

Based upon the initial coverage of surface functionalities, one 

may conclude that the enzyme loadings have been maximized. One must 

consider that the enzyme molecule is much larger than the functionalities. 

Glucose oxidase has been reported to have a mean diameter of 1 nm 

(Ramachandran and Perlmutter 1976) and 10 nm (Weibel and Bright 1971). 

A value of 3 nm was chosen as representative; this figure would correspond 

to a "tightly packed monolayer" coverage of approximately 2 x 10 ̂  

moles/cm^. 

Both the platinum/allylamine and carbon paste/amine surfaces 

support loadings ir. this range. The loading for the carbon paste/amine 

surface was shown to be independent of amine concentration from 5-20 mg 

octadecylamine. For 50-200 mg octadecylamine, the loading was also 

constant and approximately twice that shown in Table 4 (for 10 mg amine). 

This justifies the earlier conclusion about a congested (and inactive) 

enzyme layer. 

The enzyme loadings for the DGO/Teflon 7A and WGO/Teflon 7A 

-10 -9 2 
(10 -10 moles/cm ) are quite extensive. This may arise from a 



possible difference between the disk geometrical area and the actual 

area exposed for immobilization. Therefore, the effective electro

chemical area for the DGO/Teflon 7 A (1:1) surface, and the relative 

densities of graphite and Teflon 7A were used to obtain an estimate of 

the exposed surface area of graphitic oxide for the various mixtures. 

The effective disk electrochemical area for the DGO/Teflon 7A 

(1:1) support was determined from the steady-state diffusion limited 

3_ 
current for the reduction (-0.3 V) of 1.0 mM Fe(CN) in 1.0 M KC1 

o 
_6 2 

assuming a diffusion coefficient of 7.63 x 10 cm /sec (Adams 1969). 

From a pure Teflon 7A packed disk and the otherwise identical immobiliza

tion procedure, the enzyme loading directly on Teflon 7A was determined 

-11 2 
to be 4.9 x 10 moles/cm (geometrical area). An estimate of the 

actual exposed surface area of graphitic oxide and Teflon 7A was 

obtained from determining the relative densities (P Teflon 7A/P graphitic 

oxide = 3.2) and assuming the surface area/volume ratio is identical. It 

was determined that greater than 99% of the enzyme immobilized was 

present on the graphitic oxide. In the third column of Table 4, the 

amount of enzyme attached directly to the estimated exposed area of the 

graphitic oxide for the various mixtures is reported. As expected, the 

amount of enzyme attached directly to the WGO of the four mixtures is 

fairly constant; the slight decrease in loading with increasing Teflon 

7A content may be due to a hydrophobic influence the Teflon 7A has on 

the immobilization process. However, the loading directly on the 

graphitic oxide is still extensive. This must be a consequence of the 
e 

porous structure of oxidized graphite: transitional pores (20-500 A) 



and macropores (500-20,000 A) (Dunbin 1955) are formed depending upon 

the oxidation procedure. This may result in enzyme molecules trapped 

within the pores. This possible situation is depicted in Figure 13. 

Another plausible explanation for the high loadings is the assumption 

that the surface area/volume ratios for Teflon 7A and the graphitic 

oxides are about the same. It seems reasonable that the graphitic oxide 

surface area/volume ratio is larger. Consequently, the estimated 

2 
enzyme loadings (moles/cm ) on these surfaces may not be as high as 

shown in the third column of Table 4. 

Although covalent immobilization has been the intent throughout 

this study, there exists a distinct possibility of adsorption as a mode 

of attachment. There nay be considerable adsorption on the WGO/Teflon 

7A surfaces. Aside from the small amount of enzyme attached directly 

on the Teflon 7A (less than 1% of the total), there is actually more 

total enzyme immobilized (up to 35% more) if the carbodiimide is left 

out of the immobilization procedure. This predominance of adsorption, as 

noted in the absence of carbodiimide, is not unexpected considering the 

adsorption capabilities of a porous oxidized graphite support. The fact 

that more enzyme is adsorbed in the absence of carbodiimide may be 

explained by the carbodiimide occupying adsorption and/or covalent 

attachment sites on the graphitic oxide that otherwise would be available 

to the enzyme. There is no significant difference in response of the 

RRDEE§ prepared with and without the carbodiimide. However, the 

presence of carbodiimide appears to stabilize the enzyme layer as less 

enzyme is washed off during the final step of attachment. Adsorption, 

followed by crosslinking, is seen for the carbon paste/amine surface if 
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Figure 13. Possible enzyme loading on porous graphitic oxide. 
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the octadecylamine is absent from the carbon paste; approximately 

-11 2 
1.5 x 10 moles/cm enzyme is attached but is probably unstable due 

to desorption. If the allylamine is not chemisorbed on the platinum 

disk, there is no subsequent adsorbed enzyme and consequently no 

activity. 

Enzyme Layer Transport Characteristics 

It was necessary to investigate the transport properties of the 

RRDEE and to ascertain that the presence of the immobilized enzyme 

layer does not perturb the well known RRDE hydrodynamics. 

Hydrodynamics of the RRDEE vs. RRDE 

Shu and Wilson (1976) initially investigated the disk electro

chemical steady-state response of the carbon paste/amine RRDEE and 

corresponding RRDE. They reported that the presence of the enzyme layer 

did not alter the steady-state current for the reduction of bulk I^ . 

To more fully understand the disk electrode properties of the RRDEE, 

several experiments were conducted as described in the MATERIALS AND 

METHODS section. 

The effect of charging current, and hence the electrode double 

layer, for the buffered blank solution was evaluated according to 

Perone and co-workers (Dahnke, Fratoni, and Perone 1976): 

t m - _£! r-t/Rc (7) 
ch R C 

where i^^t) *s the charging current resulting from an "instantaneous" 

potential step of AE volts. R represents the total uncompensated 
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resistance, C the double layer capacitance, and RC the decay time 

constant. Hence a plot of In i vs. t should be linear for expected 

AE charging behavior with a slope = -RC and intercept = -ln(—). For 
R 

the three systems evaluated, linearity was observed during the initial 

portion of the current decay ( % 15-40 m sec after the potential step). 

An example is shown in Figure 14 and the results of the data are 

summarized in Table 5 . For all systems evaluated, the presence of the 

enzyme layer lowers the double layer capacitance while increasing the 

resistance. This behavior would be expected for electrode coating 

(eg. specific adsorption). The time constant decreases slightly for 

the hydroquinone blank whereas the other two remain fairly constant. 

The hydroquinone blank (phosphate buffer pH = 6.0, 0.1 M) involved a 

potential step of 900 mV whereas the blanks for iodide and ferri-

cyanide (phosphate buffer pH = 6.5, 0.1 M) involved potential steps of 

500 mV and 680 mV, respectively. In view of the fact that time 

constants determined by this method are dependent upon the potential 

step and display day to day precision of about ± 10% (Dahnke, Fratoni, 

and Perone 1976), it is concluded that time constants remain essentially 

unaffected by the presence of the enzyme layer on the carbon paste disk 

support. 

According to the Cottrell equation 

i(t) = nFADl/2cb (8) 
/ irt 

the diffusion coefficients for the electroactive species investigated 

may be obtained under conditions of semiinfinite linear diffusion at a 
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Figure 14. Charging current decay for the carbon paste RRDE (£) 
and the carbon paste/amine RRDEE (O). — The blank 
solution used was phosphate buffer, pH = 6.5, 0.1M; 
AE = 0.500 V. 



Table 5. Evaluation of enzyme layer transport phenomena. 

System 
Charging Current Behavior Cottrell Behavior 
(blank solution) (transient) 
a) = 1600 rpm a> = 1600 rpm 

Levich Behavior 
(steady-state) 

Hydroquinone 

RRDE 

KRDEE 

(a) 
linear, 10-40 msec 

RC = 24.7 msec 
R = 1.04 kn C = 23.7 yf 

RC = 12.8 msec 
R = 4.42 kft C = 2.90 yf 

linear, 30-150 msec 
—6 2 

D = 5.31 x 10 cm /sec 

—6 2 
D = 0.92 x 10 cm /sec 

linear, oj = 25-1600 rpm 
—6 2 

D = 6.58 x 10 cm /sec 

D = 5.96 x 10 ̂  cm^/sec 

Iodide ̂  

RRDE 

RRDEE 

linear, 15-35 msec 

RC = 7.9 msec 
R = 0.92 kn C = 8.59 yf 

RC = 8.7 msec 
R = 2.07 kfi C = 4.20 yf 

linear, 30-80 msec 

D = 37.3 x 10 cm /sec 

o 
D = 19.8 x 10 cm /sec 

linear, u = 25-1600 rpm 
—6 2 

D = 19.3 x 10 cm /sec 

—6 2 
D = 16.2 x 10 cm /sec 

Ferricyanide 

RRDE 

RRDEE 

(b) 
linear, 10-30 msec 

RC = 10.1 msec 
R = 4.16 kfi C = 2.43 yf 

RC = 7.9 msec 
R = 4.38 kfl C = 1.80 yf 

linear, 20-35 msec linear, u = 25-400 rpm 
—6 9 —fi 2 

D = 2.36 x 10 cm /sec D = 4.44 x 10 cm /sec 

9 —6 2 
D = 0.53 x 10 cm /sec D = 1.93 x 10 cm /sec 

(a) Blank solution is phosphate buffer, pH = 6.0, 0.1 M. 
(b) Blank solution is phosphate buffer, pH = 6.5, 0.1 M. 
RRDE is a carbon paste disk (no amine present); RRDEE is a carbon paste/amine enzyme disk described 
in MATERIALS AND METHODS. 
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planar electrode. From plots of the current transient vs. l//t~~ 

during the linear time interval indicated, bulk solution and effective 

enzyme layer diffusion coefficients are given in Table 5.. Within the 

time interval of the transient determination (approximately 35 m sec), 

the diffusion layer will approximately be equal to /Dt, or about 

-4 -6 2 
4 x 10 cm assuming D = 5 x 10 cm /sec. Although the exact 

thickness of the BSA-glucose oxidase layer is not known, a first 

approximation of 4 x 10 ̂  cm appears reasonable (see Figure 6). 

Therefore, the effective diffusion coefficients determined by 

this method are primarily governed by solution transport within the 

enzyme layer. The presence of the enzyme layer decreases the diffusion 

coefficients to approximately 25-50% of the bulk solution values, with 

the largest decrease observed for the larger molecules. 

Diffusion coefficients based on a steady-state determination 

may be calculated according to the Levich equation (Equation 3) from 

1/2 
linear plots of i vs OJ . Table 5 gives the results of this 

s s 

experiment. The bulk solution and effective enzyme layer diffusion 

coefficients determined by this method varied slightly from the 

Cottrell method; the presence of the enzyme layer does not lower D as 

significantly as the transient determination. At 1600 rpm, the 

-3 
diffusion boundary layer at steady-state is approximately 1.1 x 10 cm. 

Thus the effective diffusion coefficients determined by this method 

may have a proportionately greater dependence on bulk solution 

transport than on enzyme layer transport. 

On the basis of this investigation it seems reasonable that 

the diffusion coefficients of substrate and product within the 
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enzyme layer are probably 25-50% of their respective bulk solution 

values. The bulk solution diffusion coefficients are taken as 

—6 2 -5 2 
6.7 x 10 cm /sec for glucose and 1.9 x 10 cm /sec for 1^02 (Weast 

1972). Furthermore, it is believed that the carbon paste/amine RRDEE 

probably experiences the greatest internal diffusion resistance (if 

compared to the other RRDEEs) due to the extensive interenzyme and 

BSA-enzyme crosslinks. 

Enzyme Electrode Response 

Preliminary studies of the various RRDEEs were to investigate 

the pH-activity profiles and to obtain calibration curves at various 

rotation speeds for the substrate glucose. The pH profiles are shown 

in Figure 15; the pH optima are listed in Table 6. The pH 

profiles for the four WGO/Teflon 7A supports are identical and there-

therefore are shown as one curve in Figure 15. 

The pH-activity profiles were determined at 400 rpm using 

the ring detection of 1^2. Several of the RRDEEs were similarly 

investigated at 1600 rpm, and also by the o-dianisidine bulk 1^2 

method. They gave identical pH profiles indicating that there was no 

pH-activity dependence on rotation speeds from 400-1600 rpm, nor on 

the method of product detection. All subsequent glucose determina

tions were at the pH optimum of the individual RRDEEs. 

Acidic pH profile shifts were observed for the various WGO/ 

Teflon 7A, DGO/Teflon 7A, and platinum/allylamine RRDEEs while an 

alkaline shift was seen for the carbon paste/amine RRDEE. For the 

three catalytic surfaces reported, the point of covalent attachment is 



o L i i i I i i i I i i i I i i i 

2 4 6 8 10 

PH 

Figure 15. pH activity profiles for glucose oxidase. — Soluble glucose oxidase (0), 
DGO/Teflon 7A (A), platinum/allylamine (CJ), and carbon paste/amine (V), 
and WGO/Teflon 7 A (O). 
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Table 6. pH optimum for glucose oxidase RRDEEs. 

RRDEE pH Optimum 

WGO/Teflon 7A 

(2:1) w/w 4.5 
(1:1) 4.5 
(1:2) 4.5 
(1:3) 4.5 

DGO/Teflon 7A 

(1:1) w/w 4.9 

Platinum/Allylamlne 5.3 

Carbon Paste/Amine 6.5 

Soluble Glucose Oxidase 5.5 



probably through e-amino lysyl or guanido groups. The consequence of 

this reaction would be a reduction of positive charge within the 

enzyme layer which alone may result in an alkaline shift in pH 

optimum. This may explain the observed shift for the carbon paste/ 

amine surface. The acidic shifts observed for the graphitic oxide/ 

Teflon 7 A supports and platinum/allylamine are not accounted for 

presently; however their pH profiles do not differ very much from the 

soluble enzyme (Smith 1975). This is also shown in Figure 15. 

Typical glucose calibration curves for both disk detection of 

the I /coupled reaction (Shu and Wilson 1976) and ring detection of 

(Kamin, Shu, and Wilson 1977) are shown in Figures 16 and 17, 

respectively. Both disk and ring amperometric product detection show 

linearity from roughly 10-75 mg/dl glucose. Two effects of rotation 

speed are noted: at higher rotation speeds the slope of this linear 

region increases slightly and the linear range decreases slightly. These 

findings are consistent with the expected behavior of an amperometric 

enzyme probe going from a region of mass transport limited rates (i.e. 

at low rotation speeds) to a region of catalysis limited rates (i.e. at 

high rotation speeds) (Mell and Maloy 1975). 

It was shown that the ring detection of the I /I^ coupled 

reaction (with the disk at open circuit) merely tracks the disk 

detection with a constant efficiency over a wide substrate concentration 

range and rotation speeds of 400-1600 rpm (Shu and Wilson 1976). Thus 

a plot of ring current vs. disk current (each obtained independently) is 

linear with a slope of 0.40 (Kamin, Shu, and Wilson 1977). With the 
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Figure 16 . Experimental steady-state disk current [iD(ya)] as a 
function of glucose concentration [C(M)j. — Rotation 
speeds: 400 rpm (A), 900 rpra (•), and 1600 rpm (+). 
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L O G  C  

Figure 17. Experimental steady-state ring current [iR(ya)] as a 
function of glucose concentration [C(M)j. — Rotation 
speeds: 400 rpm (A), 900 rpm (O), and 1600 rpm (+). 



disk and ring potentials simultaneously set for the detection of the 

I /I^ coupled reaction, this slope decreases to 0.30 indicating only a 

25% reduction in ring detection (Shu and Wilson 1976). From these 

observations, the ring electrode may be considered to be an extension of 

the disk electrode, and may conveniently serve to independently monitor 

the disk catalytic activity. The immediate advantage demonstrated for 

the RRDEE is that the disk catalytic support need not be maintained as 

an electrochemical sensor. Alternatively one may measure the accumula

tion of product in the bulk solution via conventional techniques. 

The amperometric method of product detection and the bulk 1^02 

method yield individual but complementary information about the disk 

enzyme layer and the RRDEE operational system. Hydrogen peroxide 

produced at the disk enzyme layer is inevitably swept into the bulk 

solution. Therefore the accumulation of H2O2 as detected via the o-

dianisidine dye reaction serves to measure the total enzymatic activity. 

The current measured for the detection of 1^2 at the ring (or the 

I /i^ coupled reaction at either electrode of the carbon paste/amine 

RRDEE) is indicative of the concentration profile gradient of that 

species at the electrode surface, and is not a measurement of the total 

enzymatic activity. 

From the determination of the total enzymatic activity, one 

would expect that as the rotation speed is increased, more total 

product should be produced because convective mass transport to the 

enzyme layer is enhanced. Excluding any possible product inhibition, 

the enzyme activity would be expected to increase at higher rotation 

speeds and substrate concentrations because the system is operating 
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further in the direction of catalysis control. Figure 18 does show 

this trend. One would also expect the slope of the curves in Figure 18 

to decrease at higher rotation speeds because further increases of 

product formation within the catalysis controlled domain are less 

pronounced. Indeed, this effect is also demonstrated. 

Slightly different results are obtained for the amperometric 

detection of product. There exists an optimum rotation speed (about 150 

rpm) for the detection of product at the ring. This is shown in 

Figure 19 which agrees well with the simulated disk current shown in 

Figure 4 of Shu and Wilson (1976). Below 150 rpm the RRDEE is 

essentially operating in an external substrate mass transport limited 

domain. The effect of increasing the rotation speed within this domain 

is two-fold: 1. more total product will be formed within the enzyme 

layer due to the increased transport of substrate to the enzyme; and 2. 

the product concentration profile gradient will be steeper at the 

surface of the disk (and ring) resulting in a higher current for 

electrochemical detection. Beyond 150 rpm a further increase in the 

rotation speed results in a decrease in the observed current despite 

the greater production of product. This decrease is the result of a 

diminution of the product concentration profile gradient at the disk 

(or ring) surface. It is therefore conceivable that at higher rotation 

speeds a greater fraction of the total product produced is swept into 

the bulk solution away from the normal plane of the disk and ring 

electrodes. This will be demonstrated later. 
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Figure 18. Total enzymatic activity of the carbon paste/amine RBDEE vs. rotation speed. — 
(A) [glucose] = 2000 mg/dl; (B) [glucose] = 400 mg/dl. 
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Figure 19. Ring amperometric response of the carbon paste/amine RRDEE vs. rotation speed, 
[glucose] = 2000 mg/dl. 
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The functioning of the KRDEE is such that the product formed at 

the disk enzyme layer must be swept towards the ring for electrochemical 

detection. Any interfering side reactions must occur between product 

formation and subsequent detection. The effects of competitive reactions 

for the H2O2 formed by the immobilized glucose oxidase follow the 

expected rotation speed dependence. This is shown in Figure 20. The 

normalized percent loss of ring detection due to the presence of 

catalase in solution is plotted vs. rotation speed. At higher rotation 

speeds, proportionately less of the total Produced is lost to the 

catalase during the transit time from disk to ring simply because the 

transit time has decreased. Thus, the effect of a competitive or inter

fering side reaction will be lessened or eliminated at higher rotation 

speeds. Figure 20 was obtained by first measuring the ring's steady-

state diffusion limited current for the oxidation of the enzymatically 

produced 1^02, and then repeated in the presence of catalase at various 

rotation speeds. Thus, the normalized % loss of 1^2 ring detection is 

due solely to the presence of catalase and cannot result from any 

enzyme layer surface effect. 
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Figure 20. Effect of catalase on the ring detection of the enzymatically produced I^C^. — ^ 
Catalase concentrations used: 1 mg/dl (13) and 10 mg/dl (V). 
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Measurement of the Heterogeneous 
Intrinsic Kinetic Parameters 

Determination of VmaY and i^x for 
Catalysis Controlled Rates 

To more fully understand these effects, several experiments have 

been carried out to determine the operational conditions necessary to 

detect and subsequently minimize any mass transport (or diffusion) 

limitations. External mass transport limitations should be circumvented 

at high rotation speeds. By measuring the rate of product formation in 

the bulk solution, a Lineweaver-Burk plot may be constructed as shown in 

Figure 21. One notices that at low rotation speeds there is considerable 

curvature. This is indicative of an external diffusion limited reaction 

rate. Similar results were obtained for every other RRDEE investigated. 

In fact, one must use a rotation speed of 1600 rpm or greater to obtain 

linear Lineweaver-Burk or Eadie-Hofstee plots. 

A similar Lineweaver-Burk plot was constructed for the steady-

state amperometric ring detection of 1^2. Shu and Wilson (1976) have 

shown that the following equation adequately represents the amperometric 

response for catalysis controlled enzymatic rates: 

i K' 
- "/+! (9) 

ss 

where i and i are the currents measured for enzymatic product 
mflx ss 

detection under conditions of substrate saturation and steady state, 

respectively, for a given substrate concentration, C. The estimation 
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Figure 21. Effect of rotation speed on Lineweaver-Burk plots for the WGO/Teflon 7A (1:2) 
RRDEE. — Electrode rotation speeds: 100 rpm (0)» 400 rpm (©), and 
1600 rpm (A). V represents the total enzymatic activity as a function of 
glucose concentration, C. ^ * fr\ 
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of i from the experimental data (i vs C) involves an extrapolation. 
1Q&X S S 

Since i is a constant, Equation 9 may be rearranged as follows: 

1 
i ss 

CK' ] m 1 + 1 
i 
max 

C i 
max 

(10) 

Here i is obtained directly from the intercept of a plot of 1/i 
l&dX SS 

vs 1/C. The apparent Michaelis-Menten constant is then obtained from 

the slope. A typical example is shown in Figure 22 for the carbon paste/ 

amine RKDEE. 

Plots of 1/i vs 1/C show excellent linearity for every KRDEE 
s s 

investigated even at low rotation speeds and low substrate concentra

tions. Consequently, one need not use near-saturating substrate 

concentrations to extrapolate imax as with Equation 9. This was found 

to be advantageous for the WGO/Teflon 7A supports where ring currents 

actually decreased at higher substrate concentrations. This apparent 

inhibition resulted in a microenvironmental hysteresis of substrate or 

product, whereby reproducible currents were obtained only after 

extensive intermittent washings with buffer. 

An expression analogous to Equation 10 was obtained by Mell and 

Maloy (1975) which also predicted linearity for catalysis controlled 

rates. If the rate of the enzymatic reaction is'mass transport 

controlled, a linear plot should still be obtained according to theory 

(Mell and Maloy 1975) but the slope no longer has true significance with 

respect to Michaelis-Menten kinetics. Although a number for K' may be 
m 
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Figure 22. Determination of K'm from Equation 10 for the carbon paste/amine RRDEE. — 
Electrode rotation speeds: 400 rpm (O), 900 rpm (•), and 1600 rpm (A). 
igs represents the ring amperoraetric response as a function of glucose 
concentration, C. 
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f 

calculated, it should be labeled an "effective" Kgj due to the dif

fusion limited process. Curvature was noted by Mell and Maloy (1975) 

for a glucose oxidase-polyacrylamide gel membrane and may have been the 

result of a severe internal diffusion limitation or a non steady-state 

amperometric response. 

It has been shown that amperometric electrochemical detection, 

when plotted in the Lineweaver-Burk fashion, may be disadvantageous for 

distinguishing mass transport vs catalysis control. By measuring the 

total product produced, however, excellent sensitivity was obtained. 

From the data at 1600 rpm the RRDEE operates without external substrate 

diffusional limitations (even at the low substrate concentrations as 

shown in Figure 21). Therefore it was concluded that Michaelis-Menten 

kinetics should be obeyed at 1600 rpm and all heterogeneous intrinsic 

kinetic parameters were reported for 1600 rpm. Further evidence to 

substantiate this will be presented later. 

The total activity, specific activity, and ring detection 

sensitivity for the various RRDEEs at 1600 rpm are listed in Table 7. 

The total and specific activities (V and V /g enzyme, respectively) 
mdx max 

were determined from the intercepts of the Lineweaver-Burk plots such 

as Figure 21. has the dimensions of "units (U)", whereby 1 U 

represents 1 pinole of ^2^2 ôrmê  Per minute. The ring detection 

sensitivity (imflV) represents the substrate saturation ring amperometric 

response for plots such as Figure 22. 

It is interesting to note that the total activity does not 

follow any trend, whereas the specific activity follows an expected trend. 
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Table 7. RRDEE activity for glucose oxidase. 

RRDEE 

(a) 
Total 
Activity 
V (U) 
max 

Specific 
Activity 
(U/g enzyme) 

Ring Detection 
Sensitivity 
i „ (yamps) 
max 

(b) 

N 
cat 
% 

WGO/Teflon 7A 

(2:1) w/w 

(1:1) 

(1:2) 

(1:3) 

.0162 

.0150 

.0188 

.0206 

145 

220 

310 

500 

5.99 

5.24 

3.53 

2 . 6 2  

11.5 

10.9 

5.8 

4.0 

DGO/Teflon 7A 

(1:1) w/w .0043 390 1.11 8 . 0  

Platinum/Allylamine .0011 1,100 0.52 14.7 

Carbon Paste/Amine .0046 13,800 2.50 16.8 

(a) From Lineweaver-Burk data at <u = 1600 rpm. 1 unit (U) represents 
1 mole H2O2 formed per minute. 

(b) From 1/i vs 1/C data at u = 1600 rpm. 
s s 

The specific activity of the soluble enzyme is 26,000 U/g. 



In general, the surfaces with the higher enzyme loadings possess the 

lower specific activities. The loadings on the four WGO/Teflon 7 A and 

DGO/Teflon 7A surfaces correspond to a more congested enzyme layer when 

compared to the platinum/allylamine and carbon paste/amine surfaces. 

Consequently, their specific activities are relatively low. The 

extremely low specific activities for the WGO/Teflon 7A and DGO/Teflon 

7A surfaces may also arise from enzyme molecules within the graphitic 

oxide pores that may be inaccessible to substrate molecules (see 

Figure 13). Enzyme loading, however, is not the only influence on 

specific activity. The platinum/allylamine and carbon paste/amine 

surfaces have about the same loadings, but the carbon paste/amine has 

by far the better specific activity. Obviously, the surface chosen and 

the enzyme immobilization procedure are critical to the specific 

activity. Considering that the enzyme will be influenced by the 

environmental interface of the bulk solution and solid support matrix 

(which is essentially hydrophobic), the addition of BSA to the carbon 

paste/amine support probably enhances its specific activity by providing 

a more highly charged environment for glucose oxidase. In comparing 

the specific activities of the four WGO/Teflon 7A surfaces, one 

notices a definite trend. Although the enzyme loading directly on the 

graphitic oxide is fairly constant, a higher specific activity is 

obtained when less graphitic oxide is mixed with Teflon 7A. The Teflon 

7A, therefore, must impose an influence on the specific activity as was 

surmised for the enzyme loading. 



The activities of the various RRDEEs compare very favorably 

with the values reported by Thfivenot et al. (1979) for glucose oxidase 

immobilized on a collagen membrane. They report activities of 

2 2 
4-80 mU/cm membrane. From the enzymatic loading (moles/cm ) and the 

specific activity (U/g) of the RRDEEs investigated, activities of 

o 
3-180 mU/cm can be calculated. The WGO/Teflon 7 A surfaces have the 

higher values, whereas the platinum/allylamine suffers the lowest 

activity per geometrical disk area. 

The ring detection sensitivity appears to be a function of the 

disk support and enzyme layer itself as well as the total activity. 

For example, it decreases within the WGO/Teflon 7A series. It is 

highest for the (2:1) mixture and lowest for the (1:3) mixture, although 

the total activity almost shows an opposite trend. In order to under

stand these effects, the "RRDEE collection efficiency", Ncat> will 

be defined as the ratio of the maximum ring current for product 

detection to the maximum total product produced at the catalytic layer: 

N = 5^- (11) 
cat 

V 
max 

nF 
60 

The numerical constants shown multiplied by V renders N ^ dimen-
max cat 

sionless. The values of N at 1600 rpm are listed in Table 7. 
Celt 

Unlike the expected ring-disk collection efficiency behavior for a 

simple electron transfer process (Levich 1962), N is dependent on 
Cot 

rotation speed. This may readily be seen by comparing Figure 18 with 

Figure 19. Species generated a finite distance from the disk electrode 
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will be transported to the ring with less efficiency, especially at 

higher rotation speeds (in the absence of any interfering reaction). 

This phenomenon has been noted for a rotating ring-disk photoelectrode 

(Lubbers, Resnick, Gaines and Johnson 1974). The same phenomenon 

prevails for every RRDEE investigated, notably that N decreases from 

400-1600 rpm. 

This effect may be understood by investigating the steady-state 

product concentration profile within the enzyme layer. It will be 

affected by the bulk substrate concentration, the connective and 

diffusion flow profiles within the enzyme layer and vicinity (due to 

rotation speed), and the rate of catalysis. Figure 23 shows the 

effect of solution transport (convection and diffusion) within the 

enzyme layer and vicinity as a function of rotation speed. Since 

centrifugal and radial convection predominate over axial diffusion 

towards the disk (product is formed at a catalysis limited rate), the 

product will be swept radially towards the ring and into the bulk 

solution. Only product formed close to the disk will have time to 

diffuse to either electrode to be detected amperometrically. This 

current will be proportional to the concentration profile gradient at 

the electrode. Hence Ncafc is inherently small. The reason it decreases 

with increasing rotation speed (above 150 rpm as shown in Figures 18 

and 19 ) is because the radial convection is enhanced whereas the 

axial diffusion to the disk is not. As was verified earlier, the 

diffusion coefficients of substrate and product are less within the 

enzyme layer than in the bulk solution. This results in an increase in 

axial diffusion away from the disk than towards it. As shown in 
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Figure 23. Effects of radial convection and axial diffusion within 
the enzyme layer (EL). — At higher rotation speeds 
(ii)2>u)^) product flow is directed away from the ring-disk 
plane. 



Figure 23, the radial convection and axial diffusion away from the disk 

are enhanced at higher rotation speeds. This results in the product 

concentration profile shifting away from the ring-disk plane at higher 

rotation speeds. Increasing substrate concentration will merely 

increase the concentration profile. These effects are summarized in 

Figure 24 which explains why more total product is formed yet less is 

detected amperometrically (i.e., the effect of N ) at higher rotation 
Cat 

speeds. 

Variations in N for the RRDEEs investigated probably result 
Cat 

from varying enzyme layer thicknesses and the median distance from the 

normal plane of the disk at which the electroactive product is 

generated. The platinum/allylamine and carbon paste/amine surfaces are 

quite smooth, whereas the WGO/Teflon 7A and DGO/Teflon 7A surfaces are 

visibly rough. The enzyme layers on these latter supports probably 

extend farther into solution , thereby lowering N . The roughness of 
Cat 

the support may also contribute to a lower N t by introducing micro-

turbulent flow in the vicinity of the enzyme layer. For the various 

WGO/Teflon 7 A support mixtures investigated, one notices that the 

greater the Teflon 7A content the more visibly rough the surface is. 

It is expected that the (1:3) mixture will have the lowest N 
cat 

whereas the (2:1) mixture the highest. The data presented in Table 7 

substantiate this. 
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Figure 24. Effects of rotation speed ((D) and substrate concentration 
(S) on the steady-state product concentration profile 
([P]) within the enzyme layer (EL). 



Determination of K'm for 
Catalysis Controlled Rates 

Apparent Michaelis-Menten constants were determined from both 

methods of product detection for the various RRDEEs operating at 

1600 rpm. Using the ring amperometric measurements, K' was obtained 
m 

from the slope of Equation 10 (or as plotted in Figure 22). The 

Lineweaver-Burk plots of the total activity measurements yielded K' in 

the usual manner (e.g. Figure 21). Both determinations are listed in 

Table 8.. 

The shift from the homogeneous intrinsic value of K (6.8 mM) 
m 

to the values of K1̂  reported in Table 8 are probably due to 

conformational and steric modifications of the enzyme (imposed by the 

support and immobilization procedure) rather than a diffusional 

limitation at 1600 rpm. Although the glucose oxidase reaction involves 

the transfer of H+, it is unlikely that a microenvironment charge-

charge interaction causes this shift. This may be seen for the 

WGO/Teflon 7A surfaces. Since the pH profiles for the four surfaces 

are identical, their microenvironment with respect to the activity of 

H+ is constant. As the relative amount of Teflon 7A is increased, 

there is slightly less enzyme loading (Table 4) while the overall 

surface hydrophobicity increases. This probably causes a higher K' 
m 

for the (1:3) than for the (2:1) surface. With less enzyme loading one 

would expect a lower K' if, say, a diffusional limitation were 

dominant. Since K' appears to increase with the lower enzyme 

loadings and higher Teflon 7A content, the conclusion that 



Table 8. RRDEE apparent Michaells-Menten constants. 

K' (mM) 
m 

RRDEE (a) (b) 

WGO/Teflon 7A 
(2:1) w/w 3.1 5.2 
(1:1) 2.9 10.5 
(1:2) 10.2 9.0 
(1:3) 19.1 27.3 

DGO/Teflon 7A 
(1:1) w/w 11.7 29.0 

Plat inum/Allylamine 17.4 28.6 

Carbon Faste/Amine 14.3 23.0 

Soluble Glucose Oxidase 6.8 

(a) Values determined from Lineweaver-Burk plots at u s 1600 via 
o-dianisidine/horseradish peroxidase reaction. 

(b) Values determined from plots of Equation 10 at u = 1600. 
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conforaational and steric effects rather than diffusional effects 

predominate is justified. 

The values of K1 obtained from the ring amperometric 

detection are generally higher than those obtained from the bulk 

detection. Since the enzyme operates under catalysis limited rates of 

product formation at the rotation speed investigated, the discrepancy 

in K' may result from two possible situations: there exists the 
m 

possibility of a product diffusion limitation towards the respective 

sensing device; or the discrepancy may be an artifact of the mode of 

detection. 

It was previously determined that intra-enzyme layer diffusion 

coefficients for small molecules are approximately 25-50% of their 

corresponding bulk solution values. This may account for the larger 

K1 values determined from the ring amperometric detection if the 

product transport to the ring, compared to the majority of the product 

swept into the bulk solution, encompasses a greater resistance to mass 

transport. Indeed this is valid considering the rotation speed 

dependence on the convective diffusion of product (Figure 23 ). The 

bulk solution method of detection involves product transport governed 

primarily by convection whereas the amperometric method of detection 

involves intra-enzyme layer axial diffusion. 

One may anticipate obtaining different values of K' as an 
m 

artifact of two distinctly different methods of product detection. An 

illustrative example concerns the recent data of Coulet, Sternberg, and 

Thevenot (1980) involving a collagen membrane with bound glucose 
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oxidase. Their system involves two collage covered platinum electrodes 

(H2O2 sensors), only one of which contains the enzyme. The two 

sensors are placed in a stirred solution. The sensor with the 

enzymatic probe responds to the product concentration profile gradient 

at the electrode which is proportional to the steady-state product 

distribution within the enzyme-collagen membrane. The other sensor 

responds to a concentration of within the collagen membrane and 

is proportional to the bulk solution value. The proportionality 

constant is readily determined. Enzymatically produced 

detected at the non-enzymatic sensor inevitably experiences a greater 

diffusion limitation than H2C>2 detected at the enzyme sensor. One 

would therefore expect a greater K1 determined at this sensor. This 

was not found and may be an artifact of their system. 

Further Evidence for Catalysis 
Controlled Rates at 10 = 1600 rpm 

Further evidence for catalysis limited rates at 1600 rpm may be 

obtained by calculating dimensionless parameters representing the ratio 

of the catalysis rate to the rate of external mass transport, and by 

examining the temperature dependence on the rate of reaction. This was 

done for both methods of product detection. 

Shu and Wilson (1976) have defined a dimensionless reaction 

velocity parameter, V, relating the rate of catalysis to the rate of 

mass transport for the RRDEE: 

v - VEVSH (12) 



The parameter k^ represents the rate constant for product formation 

in the Michaelis-Menten scheme (Figure 1), and C_ is the analytical 
£ 

concentration of active enzyme within the "enzyme layer." Prater and 

Bard (1970) define t^ as the convection time constant for a rotating 

disk electrode: 

t k -  c o . s i r ^ W V 1 / 3  a s )  

The reaction velocity parameter should not be confused with the rate 

of product formation (activity, . Mass transport limited rates 

are defined for V > 10 and catalysis limited rates for V - 0.1. From 

the ring determination of i , V may be calculated from Equations 12 
max 

and 13 using the following relationship (Shu and Wilson 1976): 

i = nFAdk.C., (14) 
max b 3 E v ' 

The parameter b is a function of the substrate diffusion coefficient 

and rotation speed, and d is the enzyme layer thickness. The enzyme 

layer thickness listed in the first column of Table 9 represents a 

minimum value obtained via a tight packing of "monolayers" assuming an 

enzyme molecule diameter of 3 nm as previously described. Since it is 

not known precisely how the enzyme is packed within the enzyme layer, 

this assumption is presently necessary. The reaction velocity parameter 

(ring detection of product) is listed in the second column of Table 9. 

As seen from the values of k-C^t, /K' , the overall rate of product 
5 E k m 

formation for most RRDEEs favors catalysis control at 1600 rpm; 

borderline catalysis control is seen for the platinum/allylamine and 
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Table 9 . Reaction velocity parameter and Damkoehler number at 
a) = 1600 rpm. 

Enzyme Layer Damkoehler 
RRDEE Thickness, d k^C^t. /K' Number, Da 

, J Ci k m 
(xlO cm) 

WGO/Teflon 7A 

(2:1) w/w 400 0.138 0.020 

(1:1) 250 0.095 0.012 

(1:2) 225 0.083 0.013 

(1:3) 150 0.030 0.009 

DGO/TefIon 7A 

(1:1) w/w 40 0.045 «0.1 

Platinum/Allylamine 1.0 0.860 <<0.1 

Carbon Paste/Amine 1.2 7.99 «0.1 
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carbon paste/amine RRDEEs. This probably results from the limitations 

already mentioned for determining the enzyme layer thickness yielding 

high values of k_C„t /K1 reported for the platinum/allylamine and J a , m 

carbon paste/amine surfaces. However, the enzyme layer thickness 

reported for the WGO/Teflon 7A surfaces probably is an overestimate due 

to the postulated enzyme loading within the porous structure. 

Consequently, the reported values of k-C^t. /K' for these surfaces may 
J t K m 

by low. 

Catalysis controlled rates at 1600 rpm may also be obtained by 

calculating the Damkoehler number from the determination of the total 

activity: 

V V 
max _ max 

Da hK (D/<5)K (15) 
m m 

where h (cm/sec) is the substrate mass transport coefficient. Assuming 

—6 2 
a diffusion coefficient D = 6.7 x 10 cm /sec for glucose and the 

intrinsic value of K = 6.8 mM for glucose oxidase, the calculated values 
111 

of Da are listed in the last column of Table 9. For Da < 0.1 the 

reaction will be catalysis controlled, while at Da > 10 the reaction 

will exhibit mass transfer control. As shown in Table 9, measurement of 

the bulk peroxide formation at 1600 rpm follows catalysis controlled 

rates for every RRDEE investigated. 

The temperature dependence studies on the rate of reaction were 

not convincing for distinguishing mass transport vs. catalysis control 

at 1600 rpm. Figure 25 shows a typical Arrhenius plot for both methods 

of product detection. At low temperatures (3°-15°C) the ring 
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amperometric and bulk solution spectrophotometric methods both show an 

increase in product detection with increasing temperature; the slopes 

give AH = 9.5 kcal/mole and AH = 6.1 kcal/mole, respectively. However, 

product detection decreases at higher temperatures. This effect was 

shown to be both reproducible and reversible upon measurements made 

first at a low temperature, then at a high temperature, and finally at 

the low temperature again. No significant loss or gain in activity was 

detected during the experiment. 

It is not uncommon to see curvature or even a discontinuity in 

a heterogeneous or homogeneous enzyme Arrhenius plot. Several explana

tions have been offered. Fumarase is one of the few soluble enzymes 

known to have discontinuities in the Arrhenius plot. This discontinuity 

was shown to occur at a critical temperature (around 20°C) separating 

two regions of distinctly different enthalpies of activation (Massey 

1953). The activation energies either increased or decreased above the 

critical temperature depending upon the solution pH; however, the 

explanations presented concerning possible interactions of the solvent 

water were speculative. Heterogenous systems most commonly reveal a 

higher enthalpy of activation at lower temperatures (i.e. the slope of 

the Arrhenius plot decreases with increasing temperature), although this 

occasionally is reversed (Bernfeld and Bieber 1969). An explanation 

presented by Ngo, Laidler, and Yam (1979) stipulates that the rate of 

the chemical process at the low.temperatures has slowed sufficiently to 

become competitive with diffusional processes. Londesborough (1980) 

has proposed two models involving enzyme rate constants of different 

temperature dependencies. One model, involving heterogeneous systems, 
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predicts that the enthalpy of activation will decrease above the 

transition. The other model, valid for homogeneous and membrane-bound 

enzymes, can account for either an increase or decrease in enthalpy of 

activation as the temperature is raised. 

The extreme behavior seen in Figure 25 (i.e. an apparent 

negative enthalpy of activation from approximately 13-30°C) has not been 

accounted for in the literature. The increase in temperature has 

possibly altered the enzyme's conformational microenvironment. If indeed 

the microenvironment is altered with temperature one may not discern the 

effects of diffusion and catalysis via an Arrhenius plot. 

It is interesting to note that by comparing the two curves in 

Figure 25 one notices that N is constant above 17°C but decreases 
Cat 

rapidly below this temperature. A change in N would suggest a 
Cat 

corresponding change in the microenvironmental properties of the enzyme. 

Evaluation of the RRDEE for Biocatalysis Studies 

As previously alluded to, an ideal system to evaluate external 

mass transport dependences on surface-bound catalysis rates would 

require reproducible and well defined convective solution flow. The 

final step involves diffusion across an unstirred layer, and hence 

extremely small diffusion layers would be desirable. Reexamination of 

Figure 6 reveals that the enzyme layer thickness for the various 

RRDEEs lies well within the calculated diffusion layer at a rotating 

disk electrode. T'ne rough surface indicated represents the non-mirror 

smooth nature of some of the disk supports, most notably the WGO/Teflon 

7A and DGO/Teflon 7A supports. These may possibly extend beyond the 
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diffusion layer resulting in turbulent flow in the vicinity of the 

enzyme layer. Even in the absence of microenvironmental turbulent 

flow, the diffusion layer at 1600 rpm is significantly less than the 

diffusion layers for several common immobilized enzyme reactors 

(Gngasser and Coulet 1977). Table 10 shows this comparison which 

demonstrates the advantage of the RRDEE for the study of mass transport 

to surface bound catalysts. External diffusion of substrate to the 

enzyme layer may not be eliminated, but its effect on the overall rate 

of catalysis may be minimized substantially at higher rotation speeds. 

Specifically, a catalyst having a greater intrinsic activity would 

necessitate a higher rotation speed to overcome the effects of external 

diffusion. Furthermore, the sensitivity demonstrated for discerning 

mass transport vs. catalysis control is unparalleled. Even at 400 rpm 

(whereby mass transport controll was observed in every instance) the 

diffusion layer at 22 pm remains less than for the other heterogeneous 

catalytic systems. This suggests that they may be incapable of 

obtaining conditions for catalysis control. 
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Table 10. Diffusion layers of immobilized enzyme reactors. 

Diffusion Layer, 
Immobilized Enzyme System 6 (x 10^ cm) 

RRDEE 

a) = 400 rpm 22 

w = 1600 rpm 11 

to = 2500 rpm 8.7 

Open tubular reactor with 
laminar flow 130 (a) 

Open tubular reactor with 
turbulent flow 34 (a) 

Enzyme membranes with 
stirred solution 67 (a) 

2 
(a) Calculated from 6 = D/h assuming ®giucose = 6.7 x 10 cm /sec and 

the values of h listed in Engasser and Coulet (1977). 



CONCLUSIONS 

The experiments conducted towards the investigation of the 

rotating ring-disk enzyme electrode have revealed considerable informa

tion about enzyme immobilization, the hydrodynamic properties of the 

RRDEE, and mass transport effects on heterogeneous biocatalysis. 

Although immobilized enzymes remain a "black art" to many, 

several considerations should be emphasized. The choice of support 

matrix and covalent immobilization procedure will have a pronounced 

effect on the enzyme's specific activity. Initial support functionality 

-9 2 
coverage (approx. 10 moles/cm for every support investigated) was 

demonstrated to be not as critical as the hydrophobic or electrostatic 

environment in contributing to the specific activity. Covalent 

immobilization was desired although a substantial amount of adsorbed 

enzyme was noted for the graphitic oxide/Teflon 7A supports. A 

congested enzyme layer proved beneficial for substrate detection 

(i.e., total activity). However, this inevitably results in a lower 

specific activity. Every RRDEE investigated possessed excellent 

stability, obtainable only through careful control of the attachment 

procedure. 

Transport properties of the RRDEE were shown to be analogous 

to the RRDE with several exceptions. Notably, the product of the 

enzymatic reaction is generaged at a varying but finite distance from 

the ring-disk plane where the enzyme layer resides in solution. The 
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enzyme layer domain lies well within the Nernst diffusion boundary 

layer indicating that axial solution flow should be unperturbed, 

although diffusion coefficients of small molecules within the enzyme 

layer were lessened slightly (approximately 25-50% of that of the 

bulk) when compared to the bulk solution. The effect of N . a 
Celt* 

measure of the ring amperometric collection efficiency to the total 

amount of product produced, was found to be strongly rotation speed 

dependent and is typically 4-17% at 1600 rpm. Variations in N ^ for 
cat 

the RRDEEs investigated probably result from different enzyme layer 

thickness and median distance from the normal disk plane at which the 

electroactive product is produced. N decreases with increasing 
C o t  

rotation speed probably because product transport is directed away 

from the ring-disk plane. 

The ability demonstrated by the RRDEE to distinguish mass 

transport vs catalysis limited heterogeneous catalytic rates is 

unparalleled. For the enzyme investigated, sufficiently high rotation 

speeds (u £1600 rpm) are necessary for catalysis limited rates as 

determined independently from both methods of product detection. The 

inherent sensitivity of the RRDEE results from the extremely small, 

yet well defined, difussion boundary layers at the disk catalytic 

support. At 1600 rpm (6 = 11pm), linear Lineweaver-Burk plots are 

obtained from the determination of the total enzymatic activity over a 

wide concentration range. Although the diffusion layer at 400 rpm 

(5 = 22ym) remains considerably less than for several common 

Immobilized enzyme reactor systems, extreme curvature is noted in the 
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Lineweaver-Burk plots. Whereas the more common Immobilized enzyme 

reactor systems such as the tubular reactors and enzyme membranes with 

- stirred solution have poorly defined and reproducible hydrodynamics, 

the RRDEE should see further use for defining intrinsic heterogeneous 

catalytic parameters. 

Suggestions for Future Research 

The application of the RRDE towards elucidating mass transport 

dependencies on heterogeneous catalysis has proven to be quite 

successful. Several suggestions are presented towards future investiga

tion of the RRDEE. 

One approach to future research would be concerned with the 

investigation of alternate disk electrode supports and immobilization 

reactions. The intention would be to produce a more favorable, 

homogeneous, and stable enzyme environment. This present investigation 

involved both smooth (e.g. platinum) and rough supports (e.g. graphitic 

oxide/Teflon 7A). The advantage of a smooth support is the inherent 

ability to better characterize the immobilization procedures and sub

sequent enzyme layer (e.g. with regards to loading and specific 

activity). One may investigate the solid metal and metal oxide 

electrode supports that have been so extensively employed for the 

attachment of electrochemically reactive molecules of interest 

(Murray 1980). Electrodes such as glassy carbon, pyrolytic graphite, 

Sn02» and Ti0£ have been fairly well characterized both before and 

after the introduction of a variety of coupling reagents. The addition 

of BSA may be necessary for providing a more favorable enzyme 
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environment with regards to hydrophilicity. Nevertheless, a comparison 

of the biological system to the past and present investigations of 

immobilized electrochemical species would be interesting. 

The advent of immobilized multistep enzyme and bienzyme 

systems has inspired considerable interest recently. Multistep 

(sequentially working) enzyme systems, and the advantages especially of 

coimmobilization and discrete two-step immobilized sequences over their 

soluble counterpart have been discussed in the INTRODUCTION. Bienzyme 

systems involve the competition of two enzymes (E. and E,,) for a given 
A 15 

substrate (S^ g). If enzyme Eg requires another substrate or 

cofactor (Xg), the presence of Xg will result in the consumption of 

S. „ by E , thereby diminishing the consumption of S. _ by E.. Thus, 
AjO D AjD A 

this competitive reaction may be utilized for detecting X by 
B 

following the decrease in product formation of E.. An example is the 
A 

polyacrylamide-bound glucose oxidase-hexokinase bienzyme electrode for 

adenosine triphosphate, ATP (Scheller and Pfeiffer 1980). The 

interest in these types of dual enzyme systems has required the 

establishment of immobilization conditions resulting in the necessary 

favorable interactions of the species involved. The disadvantages of 

previous studies are that they have incorporated thick films of 

membrane-bound enzymes or particulate bound enzymes packed in column 

reactors. Thus, considerable external and/or internal diffusional 

resistances have limited the determination of the dual enzyme intrinsic 

heterogeneous kinetic parameters and subsequent correlation to ~~ 

immobilization and activity efficiencies. The past misunderstanding of 
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these fundamental parameters has inevitably retarded the development 

of an efficient, sensitive, and inexpensive enzymatic probe for 

important cofactors such as ATP. 

The RRDEE would be especially suited for investigating dual 

enzyme sequential step and competitive bienzyme systems. Specifically 

one may independently determine the intrinsic heterogeneous kinetic 

parameters for a sequential step coimmobilized (disk) enzyme system. 

Correlations between these parameters and the observed activity 

efficiency of the sequential steps should resolve some important, yet 

unanswered, questions pertaining to the interenzyme environment. One 

would anticipate a lower K'm for the second enzyme reaction, when 

determined sequentially rather than individually, if indeed higher 

environmental concentrations of substrate (product of the first 

enzyme) prevail. 

An alternative to coimmobilized studies would incorporate a 

split disk RRDEE. In this instance one may immobilize the enzymes 

independently (one on each split disk); the radial and centrifugal 

flow due to the rotating disk should facilitate interenzyme transport 

for sequential steps. This appears ideal for immobilizing glucose 

oxidase and hexokinase to determine ATP by monitoring ^2^2 at t*ie 

ring. I anticipate a greater sensitivity would be obtained than the 

0.2-3 mM ATP range reported by Scheller and Pfeiffer (1980). 
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