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In this paper we address some of the kinetic aspects of electrochemical communication in redox polyelectrolyte-peroxidase 

assemblies. We consider here a model structure built up by sequential adsorption of poly[(vinylpyridine)Os(bpy)2Cl] 

redox polymer and horseradish peroxidase on gold electrodes, modified with a self-assembled monolayer of 3-mercapto-1-

propane sulfonic acid. The heterogeneous electron transfer between the electrode and the adjacent Os redox centers is a fast 

process, and it cannot be perceived as rate determining step in the investigated bioelectrocatalytic cycle. In this context, 

starting with the ping-pong mechanism for the peroxidase action we derived a Michaelis-Menten-like expression 

and further we used it for estimating the enzyme turnover number. The value of 1.49 × 105 M–1s–1, obtained from imax 

and KM values resulted from amperometric measurements at the rotating disc electrode (RDE), is quite close to that of 

2.74 × 105 M–1s–1, obtained from our earlier Koutecky-Levich interpretation of RDE measurements. The approach 

presented here provides a simple way to evaluate and compare kinetic data (based on M-M formalism) for peroxidase-

based electrodes. 

INTRODUCTION 

Electrodes modified by coverage with redox or electron conducting polymers, incorporating physically 

or chemically attached enzyme molecules, represent an important and extensively studied group of peroxidase-

based electrodes.1 Accordingly, electrodes based on HRP, bound to [OsIII/II(bpy)2Cl]-containing polyvinyl 

pyridine or polyvinyl imidazole,2–4 are among the most successful peroxidase-based modified electrodes.1 

When an oxidoreductase is integrated in the three-dimensional matrix of the redox polymer (commonly 

referred to as redox “wire” or redox hydrogels5), electrons are transported via the redox polymer network 

between the enzyme’s redox center and electrode. Extended experimental data on the electrical 

communication between the enzyme and redox polymers are now available,6–9 though the subject is far to be 

exhausted. Kinetic aspects of the enzymes "wiring" by redox polymers are of particular importance.9 

Recent studies have demonstrated that uniform thin polymeric films can be assembled on a variety of 

substrates by alternating adsorption of polycations and polyanions on charged surfaces.10 Much of the recent 

work on these polyelectrolyte multilayers has focused on generalizing and expanding the technique to 

various combinations of charged components, including biopolymers, such as proteins and enzymes.11 

Importantly, the building-up of multilayer polymer assemblies using layer-by-layer technique allows fine 

control of the film thickness and the amount of a component at the electrode surface.11 Therefore, the layer-

by-layer technique may help in the development of structurally well-defined (model) interfaces based on 

redox polyelectrolyte-enzyme. 

In a recent study we have addressed the efficiency of the electrical communication in a model redox 

polyelectrolyte-HRP assembly, built up by electrostatically controlled self-deposition.12 This paper is meant 
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to complement the results presented there and to provide new considerations on the subject. First, we will 

focus on the kinetics of the heterogeneous electron transfer between the electrode and the redox centers of 

the conducting polymer. Secondly, we will discuss the applicability and, more importantly, the utility of the 

Michaelis-Menten formalism for characterizing model redox polyelectrolyte–peroxidase assemblies. 

EXPERIMENTAL 

Sodium salt of 3-mercapto-1-propane sulfonic acid (MPS) was purchased from Aldrich. The cationic 

poly[(vinylpyridine)OsIII/II(bpy)2Cl] redox polymer (RP) partially quaternized with bromoethylamine was synthesized as described 

elsewhere.13 Horseradish peroxidase (HRP, EC 1.11.1.7, 290 U mg–1 (solid); type VI) was supplied by Sigma. The enzyme was 

chemically modified according to the procedure described elsewhere.14 The purpose of the modification was the manipulation of the 

enzyme charge by introducing sulfonate groups covalently bound to the enzyme. The H2O2 solutions were prepared daily by 

dissolving 30% (w/w) H2O2 (Merck, Darmstadt, Germany) in a phosphate buffer solution. All other reagents were of analytical grade. 

Aqueous solutions were prepared with water purified with a Milli-Q system (Millipore, Milford, USA). 

Electrochemical measurements were performed in a conventional single-compartment three-electrodes cell using a computer-

controlled voltammetric analyzer AutoLab-PGSTAT10 (Eco Chemie, Utrecht, The Netherlands). The reference electrode was a 

potassium chloride saturated silver/ silver chloride electrode (AgAgClKClsat.), to which all the electrode potentials are referred. 

A coiled platinum wire served as auxiliary electrode. Steady-state amperometric measurements at different rotation speeds of the 

working electrode were performed using a modulated speed rotator (model AMS-FRX, Pine, Grove City, PA, USA). 

Gold wire electrodes (∅ 0.5 mm) and a disc electrode (∅ 5 mm, in case of RDE measurements) were used as working 

electrodes throughout the experiments. The disc electrode was polished with 0.3 µm α-alumina and 0.05 µm γ-alumina (Buehler, IL, 

USA) to a mirror-like finish, followed by cleaning for 5 minutes with ethanol and water in ultrasonic bath. Subsequently, the 

electrode was etched electrochemically by potentiodynamic cycling as described elsewhere.15 The wire gold electrodes were cleaned 

chemically by boiling the electrodes in piranha solution (concentrated H2SO4 97% + H2O2 30%, 3:1) for 30 minutes (Warning! 

Piranha solution is very corrosive and must be used with extreme caution: it reacts violently with organic material). Afterwards, the 

electrode was rinsed thoroughly with doubly distilled water. 

The negatively charged gold surface (Au/MPS) was prepared by immersing the electrode into 1 mM MPS solution in ethanol 

for about 12 h, followed by thorough rinse with pure ethanol and re-immersing into the deposition solution for 1 h more. The growth of 

the Au/MPS/RP/HRP/RP multilayer assembly was achieved by sequential deposition of two RP layers and one intercalating HRP 

monolayer by alternative immersion of the MPS covered Au electrode into corresponding aqueous solutions. For more details see 

reference 12. 

RESULTS  AND  DISCUSSION 

In multilayer assemblies based on electrostatic interactions, the deposition is commonly restricted to 

formation of a nearly single molecular layer.11 As electrostatic forces are perceived as the forces that control 

the assembly of the architecture under investigation14 (Fig. 1), deposition of a thin compact RP layer is 

expected. This fact is well supported by the voltammetric response of an Au/MPS/RP interface (see below). 

As argued elsewhere,12 HRP adsorption should be limited to a nearly single molecular layer. 

The cyclic voltammograms corresponding to the RP-modified gold electrodes are presented in Fig. 2. 

The voltammetric response of the positively charged redox polymer (RP), adsorbed directly on bare gold 

(Fig. 2, curve 2), presents a quite indefinite peak, developed on the background of a high capacitive current. 

The presence of a negatively charged MPS monolayer on the electrode surface (Fig. 2, curve 1) has a 

dramatic effect on the voltammetric response of RP, resulting in a well-defined redox wave (Fig. 2, curve 3). 

This important change in the voltammetric response can be tentatively assigned to the effect of electrostatic 

interactions, existing between MPS layer and the RP chain. Accordingly, a more compact RP layer and, 

consequently, shorter electron transfer distances should be expected. 

The electrochemical response of an Au/MPS/RP/ electrode is consistent with that expected for a 

surface-confined redox couple (E0′ = 308 mV vs. Ag/AgCl, KClsat; ΓOs = 0.13 nmol cm–2). First, the 

experimental peak width at half maximum (EFWHM = 85 mV) is quite close to the theoretical value of 

90.6 mV, expected for a nernstian diffusionless system.16 Second, the voltammetric peaks corresponding to 
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the OsIII/II redox couple showed a remarkable symmetry (Iap/Icp = 0.99). Third, a good linear dependence 

of 
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Fig. 1 – Idealized picture of the interface 

corresponding to the Au/MPS/RP/HRP  

                  modified electrode. 

 
Fig. 2 – Effect of the MPS layer on the voltammetric response of an RP layer 

adsorbed on the gold electrode: Au/MPS (1); Au/RP (2); Au/MPS/RP (3). 

Experimental conditions: potential scan rate, 50 mV/s; supporting electrolyte,  

                             0.1 M phosphate buffer solution (pH 5.0). 

the peak current on the scan rate, for a wide range of the scan rates, was observed both for anodic (slope, 

+13.2 ± 0.1 µA s V–1; R = 0.9934, N = 22) and cathodic (slope, +13.2 ±€0.2 µA s V–1; R = 0.9986, N = 22) 

regions (Fig. 3). Using the expression for Ip – v dependence for a strongly adsorbed redox couple,17 the 

number of electrons involved in the redox process was calculated and found to be close to the expected 

value of one, with an error below 20%. Non-zero peak separation (∆Ep = 13 mV), ubiquitous for real 

systems, can be explained by a local non-equivalence of the osmium redox centers in its reduced and 

oxidized form. 

From the effect of the scan rate on the peak separation (Fig. 4) it was concluded that at moderate scan 

rates (up to 100 mV s–1) the OsIII/OsII redox couple, attached to the polymer backbone, exhibits nernstian 
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Fig. 3 – Dependence of the peak current on the scan rate for the 

Au/MPS/RP electrode. Experimental conditions: supporting  

         electrolyte, 0.1 M phosphate buffer solution (pH 5.0). 
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Fig. 4 – (Ep,a – E0′) vs. log (v) dependence for the Au/MPS/RP 

electrode. Experimental conditions: as in Fig. 3. 

behavior. At higher scan rates an increase of the peak separation is observed. Although quite high scan rates 

were applied, the ∆Ep value did not reach the 200/n mV limit, which is the criterium of electrochemical 

irreversibility.16 Consequently, the system was treated as a quasi-reversible one, and the values of the 

m-parameter16 corresponding to the experimental ∆Ep values were used to estimate the heterogeneous rate 

constants (ks, s–1) (Table 1). However, since the regime of the electrochemical irreversibility was not 
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achieved, the highest value (370 s–1) may be an underestimation of the real value of the rate constant, 

provided the effect of uncompensated resistance is negligible. 

Table 1 

1/m as a function of n∆Ep and the corresponding values  

of the rate constant for the electron heterogeneous transfer 

∆Ep (mV) 1/m* v (V/s) ks (s
–1) 

49 1.504 10.24 266 

57 1.811 12.80 276 

71 2.445 20.48 327 

81 2.958 25.60 338 

107 4.405 40.96 363 

121 5.405 51.20 370 

* 1/m = nFν/RTks 

We have recently reported on the possibility of estimating (i) the activity of the immobilized 

horseradish peroxidase and (ii) the rate of the oxidized peroxidase regeneration by the osmium redox 

polymer12 in an Au/MPS/RP/HRP/RP assembly. In the formalism adopted18 both kinetics and the mass 

transfer of hydrogen peroxide were considered. Rotating disc electrode technique was used in order to 

separate kinetic and mass-transport contributions to the overall electrocatalytic current. This seems to be the 

optimum approach, since the kinetic model was based on the ping-pong mechanism,19 i.e. the model giving 

the best description of the peroxidase action. On the other hand, in early studies on peroxidase-modified 

electrodes Michaelis-Menten (M-M) kinetics was commonly employed to evaluate the bioelectrode 

performance. Direct application of the M-M formalism to the case of peroxidase action is basically 

incorrect. Accordingly, the oxidation of the ferric enzyme (HRP(Fe3+)) is an irreversible process. The same 

applies to the reduction of the oxidized intermediates compound I and compound II.19 However, as shown 

later on, an M-M-like expression can be derived starting with the ping-pong mechanism of the peroxidase 

action in the manner similar to that given by Tatsuma and Watanabe20 and later developed by 

Bogdanovskaya et al.21 

The reaction scheme (1–5) (see below) describes the bioelectrocatalytic cycle at an 

Au/MPR/RP/HRP/RP electrode. Reaction (1) involves a two-electrons oxidation of the ferrihaem prosthetic 

group of the enzyme by H2O2. HRP(Fe3+) is the ferric enzyme, while Comp. I and Comp. II denote the so-

called compound I and II, corresponding to the oxidized intermediates. OsII and OsIII stand for the reduced 

and oxidized forms, respectively, of the [OsII/III(bpy)2Cl] complex attached to the polymer backbone. The 

oxidized enzyme (Comp. I) is returned to its resting (reduced) state as a result of two consecutive one-

electron transfers (reaction 2 and 3).19 Reaction (4) describes the transport of the oxidizing equivalents to 

the electrode surface by the self-exchange reaction (electron hopping). Rapid electron transfer from the 

electrode surface to the oxidized mediator (reaction 5) closes the electrocatalytic cycle. As shown 

elsewhere,12 the kinetic limitations are exclusively due to reactions (1–3). 

HRP(Fe3+)  +  H2O2   1k
→   Comp. I  +  H2O (1) 

Comp. I  +  OsII (+  H+)  2k
→   Comp. II  +  OsIII  (2) 

Comp. II  +  OsII (+  H+)  3k
→   HRP(Fe3+)  +  OsIII + H2O  (3) 

(OsII)1  +  (OsIII)2  ek
→   (OsIII)1  +  (OsII)2 (4) 

OsIII  +  e−  ,S Mk
→   OsII   (5) 
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Assuming the stationary state for Comp. I and Comp. II concentrations the following relations could be 

written: 

 dΓCpI / dt = k1ΓHRP(Fe3+) [H2O2] – k2ΓCpI [OsII] = 0 (6) 

 dΓCpII / dt = k2ΓCpI [OsII] – k3ΓCpII [OsII] = 0 (7) 

Additionally, the mass balance for all enzyme species requires: 

 Γtot = ΓHRP(Fe3+) + ΓCpI + ΓCpII (8) 

where ΓCpI, ΓCpII and ΓHRP(Fe3+) are the effective surface concentrations of the corresponding forms of the 

enzyme (mol cm–2); [H2O2] stands for the bulk concentration of hydrogen peroxide (mol l–1); [OsII] is the 

effective volume concentration of the osmium complex in the reduced form (mol l–1). Expressing ΓCpI and 

ΓCpII from relation (6) and (7), respectively, and substituting the resulting relations in equation (8) yields: 

 Γtot = ΓHRP(Fe3+) {1 + (k1[H2O2] / k2[OsII]) + (k1[H2O2] / k3[OsII]) } (9) 

Next, the catalytic current at the electrode under investigation is determined by the rate of reactions (2) 

and (3): 

 icat = F (k2ΓCpI [OsII] + k3ΓCpII [OsII]) (10) 

Combining expressions for ΓCpI and ΓCpII from relation (6) and (7), respectively, with equation (10), 

then multiplying the resulting expression with equation (9), and performing a few simple mathematical 

transformations the following expression for the electrocatalytic current results: 

 icat = (2Fk1[H2O2]Γtot ) / {1 + [H2O2](k1 / [OsII])[(k2 + k3) / (k2 k3)] } (11) 

If denoting imax and KM as: 

 imax = (2F k2 k3 [OsII]Γtot) / (k2 + k3) (12) 

 KM = [OsII] / [k1(k2 + k3) / (k2 k3)] (13) 

relation (11) takes an M-M-like form: 

 icat = (imax [H2O2]) / (KM + [H2O2]) (14) 

At this stage it would be useful to discuss the significance of this results. First of all, eqs. (12) and (13) 

are essentially similar to those derived by Bogdanovskaya et al.21 for the case of the peroxidase electrodes 

based on a direct (mediatorless) electron transfer. This result is not surprising, as the interface considered 

contains one monolayer of the enzyme. Secondly, the presence of [OsII] is formally correct, however, it 

should be acknowledged that the kinetic formalism presented would be of little use for elucidating the 

effects related to the electron transfer between the enzyme and the redox centers of the transducing 

molecule. Accordingly, the efficiency of the enzyme reduction by the redox polymer would be determined 

not simply by the effective (local) concentration of its redox centers, but would be also influenced by other 

factors which might affect the distance of the electron transfer. Among those factors are orientation effects, 

nature and concentration of the supporting electrolyte, linear dimensions of the enzyme and the reductive 

redox center and so on. Thirdly, the formalism presented would be inadequate for kinetic analysis of the 

multilayer assemblies, where three-dimensional distribution of the enzyme content, the diffusion of H2O2 

through the assembly and eventually charge transport (reaction 5) through the assembly should be also 

considered. 
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In spite of its simplicity, the model applied presents a formally correct approach for estimating the 

enzyme activity. Accepting k2 to be at least 10 times higher than k3,22 expression (12) reduces to the 

following: 

 imax = 2F k3 [OsII]Γtot (15) 

Now, by combining (13) with (15) one can easily derive the expression, which allows calculus of k1: 

 imax / KM = 2Fk1Γtot (16) 

Fig. 5 shows the dependence of the electrocatalytic current at the Au/MPS/RP/HRP/RP electrode on 

the H2O2 concentration at 2400 rpm, i.e. the conditions corresponding to the regime of the kinetic control.12 

Moreover, at this rotation speed the observed current is the limiting one.12 Non-linear regression analysis  
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Fig. 5 – Dependence of the catalytic current at the Au/MPS/RP/ 

HRP/RP modified electrode on the H2O2 concentration. Expe-

rimental conditions: rotating speed, 2400 rpm; supporting elec-

trolyte, 0.1 M phosphate buffer solution (pH 7.0); applied poten- 

                                           tial, +0.1 V. 

gives a value of 3.7 × 10–6 A for imax and 82 × 10–6 M for KM. Equation (16) allows calculus of k1, which  

is the second order rate constant of H2O2 reduction by HRP (reaction 1). From calculus a value of  

1.49 × 105 M–1s–1 resulted (the geometric area of the electrode was 0.196 cm2, and ΓHRP was found12 as 

1.8 pmol cm–2). This value is quite close to that of 2.74 × 105 M–1s–1, obtained elsewhere12 on the basis of 

the Koutecky-Levich formalism and using the ping-pong mechanism. This result shows the adequacy of the 

approach based on M-M formalism, at least for the estimation of the peroxidase activity. This is not 

surprising at all, as the model used here is derived from ping-pong mechanism of peroxidase action and M-

M formalism was used as a mathematical tool to analyze the experimental data. 

By combining relations (15) and (16) one can easily deduce the following expression for KM: 

 KM = (k3 / k1) [OsII] (17) 

In principle, calculus of k3 on the basis of eq. (17) is possible, albeit by substituting [OsII] with ΓOsII 

and, thus, changing the units for the rate constant k3 (s–1 mol–1 cm2). However, the value resulted will most 

probably be of relative use, as it could be affected by the local concentration of Os redox centers and many 

other factors influencing the electron transfer between OsII and oxidized HRP (e.g. the nature and 



768 Victor Roşca et al. 

concentration of the supporting electrolyte, Os loading in the redox polymer, etc.). Besides, the value of k3 

measured in s–1 mol–1 cm2 cannot be directly compared to the values known from the enzymatic catalysis. 

Turning now to the effect of the applied potential, we do not observe any significant effect of the 

applied potential (region between 0–0.3 V vs. AgAgClKClsat, pH 7.0) on the observed electrocatalytic 

current, while in the case of the modified (carbon) electrodes peroxidase based on a direct electron 

transfer20,21,23,24 the effect is commonly noticed. The effect of the applied potential observed for the 

electrodes based on a direct electron transfer may be tentatively explained by the conformation changes in 

the adsorbed peroxidase, probably resulted in shorter electron transfer distances. Furthermore, 

Bogdanovskaya et al.21 assigned the positive effect of more negative potentials to an increase of the rate 

constant k3, as this is an electrochemical step. In contrast, in the case of the electrodes based on the 

peroxidase “wiring”, the reduction steps of the oxidized forms of enzyme are chemical steps, hence no direct 

effect of the applied potential would be expected. Additionally, the lack of the effect of the applied potential 

on the investigated interface response is in agreement with the conclusion that neither heterogeneous 

electron transfer between the Os redox center and the electrode surface nor the charge transport through the 

assembly (electron hopping) are rate-determining steps in the examined potential region. Since, the catalytic 

reduction of the hydrogen peroxide by the peroxidase is a very fast process, the regeneration of the enzyme, 

i.e. the electron transfer between the Os reductive substrate and the oxidized forms of the enzyme, 

determines the overall rate of the process. 

As a final remark, further kinetic studies on the model interfaces similar to that considered in this work 

would be of great interest for investigating the factors controlling the specific efficiency of the enzyme 

regeneration in the amperometric biosensors based on the enzyme “wiring” with the redox polymers. 

CONCLUSIONS 

In this article we have discussed some kinetic aspects of the electrical communication in redox 

polyelectrolyte-peroxidase assemblies using a simple model. We have concluded that the heterogeneous 

electron transfer between the electrode and the adjacent Os redox centers is a fast process, provided that the 

electrode surface is modified properly to facilitate the adsorption of the redox polymer and assure short 

electron transfer distances. It was shown that pre-adsorption of a self-assembled thiol monolayer with a 

charged terminal group presents an efficient way to promote the redox polymer adsorption on the electrode 

surface. 

We have also discussed the applicability of the Michaelis–Menten formalism to the kinetic analysis of 

redox polyelectrolyte-peroxidase assemblies. When the ping-pong mechanism of the peroxidase action is the 

starting point of the kinetic analysis, a Michaelis-Menten-like expression can be derived and used as a 

mathematical tool for estimating the enzyme activity. The value of 1.49 × 105 M–1s–1 resulted from the 

calculus based on the experimental values of imax and KM is quite close to that of 2.74 × 105 M–1s–1, 

obtained form the rotating disc measurements.12 This result suggests that the approach presented here may 

provide a simple way of a re-evaluation and comparison of the previous kinetic data (based on the M-M 

formalism) for the peroxidase electrodes. However, this approach seems to be of little use for characterizing 

the regeneration of the oxidized enzyme by the Os redox centers. 

As an important concluding remark, simple interfaces based on multilayer assemblies of redox polymer 

and enzyme may provide model systems, in which the enzyme regeneration step determines the observed 

current, providing an unique opportunity to investigate the factors affecting this key step in the 

bioelectrocatalytic cycle. 
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