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f a HRP–chi–[C4mim][BF4]film (whereHRP = horseradish peroxidase, chi = chitosan,
and [C4mim][BF4] = the room temperature ionic liquid (RTIL) 1-butyl-3-methylimidazolium tetrafluoroborate)
has been studied by cyclic voltammetry on a glassy carbon electrode. The mechanism for the electrochemical
reaction ofHRP is suggested to be EC for the reduction, andCE for the following re-oxidation, as theoxidative peak
potential remained approximately unchangedacross the scan rate range. Thehalfwavepotential ofHRP reduction
was found to be pH dependent, suggesting that a concomitant proton and electron transfer is occurring. Using
theoretical simulations of the experimentally obtained peak positions, the standard electron transfer rate
constant, k0, was found to be 98 (±16) s−1 at 295 K in pH 7 phosphate buffer solution, which is very close to the
value reported in the absence of ionic liquid. This suggests that the ionic liquid used here in theHRP–chi–[C4mim]
[BF4]/GC electrode does not enhance the rate of electron transfer. k0 was found to increase systematically with
increasing temperature and followed a linear Arrhenius relation, giving an activation energy of 14.20 kJ mol−1.
The electrode kinetics and activation energies obtained are identical to those reported for HRP films in aqueous
media. This leads us to question if the use of RTIL films provide any unique benefits for enzyme/protein
voltammetry. Rather the films may likely contain aqueous zones inwhich the enzymes are located and undergo
electron transfer.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The study of the direct electrochemistry of metalloenzymes is im-
portant not only for the understanding of electron kinetics in biological
systems, but also for the development of third generation biosensors
[1,2]. Third generation biosensors are based on direct electron transfer
[2] and, unlike first and second generation biosensors, have the advan-
tage of functioning without a mediator, allowing a simplified reaction
system and superior selectivity [2]. Observing the direct electron
transfer to metal centers of enzymes is often difficult as the redox cen-
ters may be buried deep within the enzyme structure. One commonly
used approach to overcome this problem is to immobilize the enzyme
onto an electrode surface using a variety of films or binders which
promote electron transfer [3]. Horseradish peroxidase (HRP) is one of
the most commonly studied enzymes in the fabrication of electro-
chemical biosensors. HRP has been immobilized on many electrode
substrates using a myriad of different films including hydrogels [4,5],
DNA networks [6], Nafion films [7,8] and carbon nanotube composites
[9,10]. Recently chitosan films have also been used to successfully
immobilize enzymes and promote electron transfer [11].
+44 1865 275 410.
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Chitosan (Chi), β-1,4-poly-D-glucosamine (see Fig. 1), is a linear
polysaccharide made by the deacetylation of chitin and is made up of
linked glucosamine units together with a percentage of N-acetyl-
glucosamine units [12]. It demonstrates an excellent ability to form
films, is naturally occurring, non-toxic and biocompatible with many
enzymes, providing a favourable microenvironment for immobiliza-
tion of HRP [11]. In addition to the development of new polymer films
to immobilize enzymes, many researchers are investigating the use of
room temperature ionic liquids in composites.

Room temperature ionic liquids (RTILs) are salts composed entirely
of ions that exist in the liquid state at and around 298 K. They are made
up of a bulky asymmetric organic cation and a weakly coordinating
organic or inorganic anion.As ionic liquids are entirelycomposedof ions,
they have a very high intrinsic conductivity making them favourable
solvents in electrochemistry [13,14], with no need for additional
supporting electrolyte. Their wide electrochemical window, near-zero
volatility and high thermal stability also make them durable and robust
solvents whilst their significantly desirable properties have been
exploited in many fields including gas sensing [15], organic synthesis
[16] and catalysis [17]. Recently RTILshavebecomepopular in thefield of
biosensing andbiocatalysis [18]. RTILs havebeen shown to be favourable
media for biocatalysis, with many enzymes showing greater stability,
activity and higher selectivity in RTILs [19]. The thermal stability of HRP
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Fig.1. Components of chitosan: a) Glucosamine structural unit andb)N-acetylglucosamine
structural unit.
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is reported to be increased in aqueous mixtures of 1-butyl-3-
methylimidazolium tetrafluoroborate [C4mim][BF4] relative to aqueous
buffer solutions [20], whilst Lu et al. [21] have developed a new com-
posite material based on [C4mim][BF4] and chitosan for the immobiliza-
tion of HRP. They demonstrated that the enzyme retained its native
structure and activity within the film. [C4mim][BF4] and chitosan form a
homogeneous solution which, when dried in air, forms a stable film on
the electrode surface. Lu et al. [21] proposed that the ionic liquid, due to
its inherent conductivity, facilitates electron transfer from theHRPheme
group (Fe(III) at its resting state) to the electrode surface, enhancing the
voltammetric signal.

In this work, the electrochemical behaviour of a glassy carbon
electrode modified with a horseradish peroxidase–chitosan–[C4mim]
[BF4] film (HRP–chi–[C4mim][BF4]/GC electrode) is studied at different
electrolyte pHs (pH 6–8) and over a range of temperatures (295–
323 K). The cyclic voltammetric response over a range of different scan
rates at each pH and temperature is recorded and analysed to extract
the kinetic parameters of the HRP–chi–[C4mim][BF4]/GC electrode.
The electrode kinetics and activation energies obtained are identical to
those reported for HRP films in aqueous media. This in turn leads us to
question whether the use of RTIL films provides any unique benefits
for enzyme or protein voltammetry.

2. Experimental

2.1. Chemical reagents

Horseradish peroxidase (EC 1.11.1.7, Type VI, 255 U g−1) and
chitosan (from crab shells, minimum 85% deacetylated) were pur-
chased from Sigma. 1-Butyl-3-methylimidazolium tetrafluoroborate
([C4mim][BF4], high purity, halide content b100 ppm) was kindly
donated by Merck KGaA and was used as received. Sodium phosphate
monobasic dihydrate (puriss), sodium phosphate dibasic (anhydrous,
Fig. 2. a) Cyclic voltammetry (CV) of HRP–chi–[C4mim][BF4]/GC electrode (solid line) andHRP–c
295 K. b) Baseline correct voltammogram for HRP–chi–[C4mim][BF4]/GC electrode from the CV
99%) and acetate buffer solution were all purchased from Aldrich and
used without further purification. All other reagents were of ana-
lytical reagent grade and used without further purification. 0.05 M
phosphate buffer solutions at pH 6–8were prepared fromappropriate
solutions of sodium phosphate monobasic and sodium phosphate
diabasic. The pH of the buffer was adjusted using hydrochloric acid or
sodium hydroxide solutions as necessary. All aqueous solutions were
made using ultra-high quality grade water from a Millipore (Vivendi,
UK) UHQ gradewater systemwith a resistivity of not less than 18.2MΩ
cm at 298 K.

2.2. Instrumental

Electrochemical experiments were performed using a three-
electrode system comprising of a film-modified glassy carbon elec-
trode (BAS technicol, USA) as the working electrode, a platinum coil as
the counter electrode and a saturated calomel electrode (SCE, Radio-
meter, Copenhagen, Denmark) as the reference electrode. Prior to use,
the glassy carbon electrode (GCE, 3 mm diameter) was successively
polished using a 1.0 μm to 0.10 μm diamond spray (Kemet, UK).
After each polishing step the electrode was sonicated and rinsed with
water and ethanol respectively. The effective area of the GCE was
estimated to be ca. 0.0475 cm2 using a Randles–Sevčik analysis of the
variationof the peak currentwith the square root of scan rate in 1.0mM
[Fe(CN)6]3−/[Fe(CN)]6]4−. Phosphate buffer solution (0.05 M pH 7) was
used as the electrolyte unless stated otherwise, and all buffer solutions
were purged with nitrogen for at least 30 min prior to the recording of
voltammograms, and a nitrogen atmosphere was maintained during
the course of the experiment. For experiments where the electrolyte
was studied at increased temperatures, the cell was placed in an oil
bath, and a thermostated, heated stirrer plate was used to maintain a
constant temperature.

2.3. Preparation of HRP–chi–[C4mim][BF4] modified film electrode

Aqueous chitosan solution (pH 5, 6 mgmL−1) was prepared follow-
ing a literature procedure [22]. The chitosan flakes were dissolved in
hot (353–363 K) 0.05 M hydrochloric acid and left to cool to room
temperature. After cooling, the pH of the solution was carefully ad-
justed to pH 5 using sodium hydroxide solution. The chitosan solution
was then filtered through a cellulose film of pore size 0.465 μm and
stored at (269 K) when not in use. 6 mg mL−1 HRP solution was pre-
pared by dissolving the lypholized powder in pH 7 phosphate buffer
solution.
hi/GC electrode (dotted line) in 0.05MpH7phosphate buffer solution, scan rate 0.2 V s−1 at
presented in a).



Fig. 3. Peak potentials, Ep,red (○) and Ep,ox (●), as a function of pH for HRP–chi–[C4mim]
[BF4]/GC electrode.
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The film solution was made up from the stock solutions and
contained 3mgmL−1 HRP, 1.5 mgmL−1 chitosan, and 5% (v/v) [C4mim]
[BF4] in 0.05 M pH 5 acetate buffer solution. The HRP–chi–[C4mim]
[BF4] modified electrodewasmade by casting a 3 μL aliquot of this film
solution onto the surface of the polished GC electrode. The electrode
was then covered with a small beaker to allow the water to evaporate
slowly in air to form a uniform film. The HRP–chi/GC electrode was
prepared in the same way without the ionic liquid. The dry electrodes
were stored at 269 K when not in use, and the electrodes were soaked
in pH 7 phosphate buffer solution for 30 min before electrochemical
measurements were recorded, to ensure that any physically adsorbed
HRP or [C4mim][BF4] was removed.

3. Results and discussion

3.1. Voltammetric behaviour of HRP–chi–[C4mim][BF4]/GC electrode

Typical cyclic voltammetry of a HRP–chi–[C4mim][BF4]/GC elec-
trode in pH 7 phosphate buffer solution is shown in Fig. 2a. The
voltammetry gives rise to a pair peaks which are attributed to the
direct electron transfer between the HRP (Fe3+/Fe2+) and the electrode.
Fig. 2b shows the baseline corrected voltammetry, obtained by fitting
the baseline of the cyclic voltammogram using a 6th order polynomial
and then correcting the data to this baseline. From the baseline
corrected voltammetry, the reductive peak potential, Ep,red was found
to be −0.37 V, with a corresponding oxidative peak, Ep,ox, at −0.31 V
(0.2 V s−1). The formal potential Efo (estimated as (Ep,red+Ep,ox) /2) for
Fig. 4. a) Cyclic voltammetry of HRP–chi–[C4mim][BF4]/GC electrode in pH 7 phosphate buffe
corrected voltammetry for scan rates 0.5, 1.0, 2.5, 4.0 and 5.0 V s−1.
HRP (Fe3+/Fe2+) was −0.34 V and the peak separation was 60 mV,
which was in agreement with the literature [11,21,23]. The peak cur-
rents for the forward and reverse peaks are almost equal, indicating a
quasi-reversible electrochemical process. The enzyme electrode
(dotted line, Fig. 2a) without ionic liquid (HRP–chi/GC) did not exhibit
any peaks [24].

Using Faraday's laws, calculating the charge fromthe area under the
peaks, the surface coverage of HRP is estimated to be 2.01×10−11 mol
cm−2 (assuming a one electron transfer, and electrode area of
0.0475 cm2). Therefore, the total amount of HRP deposited on the
electrode surface is ca. 2.05×10−10 mol (molecular weight of HRP is ca.
44,000) [2], giving the percentage of electroactiveHRPon the electrode
surface as ca. 0.47%, which is higher than that reported in the absence
of ionic liquid (0.2%) [11]. This suggests that only the enzymes closest to
the electrode and with the correct orientation are involved in electron
transfer.

3.2. Influence of pH

The cyclic voltammetryof theHRP–chi–[C4mim][BF4] shows a strong
dependence on the pH of the solvent (phosphate buffer solution),
indicating that concomitant proton and electron transfer is occurring.
Both the reductive and oxidative peak potentials for the HRP(Fe3+/Fe2+)
redox couple shift to more negative potentials with increasing pH
(Fig. 3).

The peak potentials were plotted against the pH and the gradients
of the lines for the change in the potential of the reductive and oxida-
tive peakswith pH are −47.5mVpH−1 and −46.5mVpH−1 respectively.
These are close to the theoretical value for the concomitant transfer of
n electrons coupled with n protons, here n=1 (−57.6 mV pH−1) [25].
Yamazaki et al. [26] have proposed that a heme-linked ionizing group
in the HRP is responsible for the pH dependence, and the pKa of the
reduced enzyme (Fe2+) is ca. 7 (there are seven isozymes for HRP and
the pKa reported is for the twomost abundant forms B and C) [27]. The
overall electrochemical reaction can be expressed as:

HRP Fe3þ
� �þ e− þHþ ²

k1 HRP Fe2þ
� �

: ð1Þ

3.3. Influence of the potential scan rate

Cyclic voltammetry was obtained for the HRP–chi–[C4mim][BF4]/GC
electrode in phosphate buffer solution over scan rates of 0.1 to 6.0 V s−1,
and is shown in Fig. 4. As the scan rate is increased, the cathodic and
anodic peak currents increase simultaneously, whilst the reductive peak
moves to more negative potentials.
r solution at scan rates of 0.2, 0.5, 0.8, 1.0, 1.5, 3.0, 4.0, 5.0 and 6 V s−1 at 295 K. b) Baseline



Fig. 5. Reductive (○) and oxidative (●) peak currents are presented as a function of scan
rate for the HRP–chi–[C4mim][BF4]/GC electrode in pH 7 phosphate buffer solution. The
linear fits for the reductive (solid line) and oxidative (dotted line) peak current trend are
also presented.

Table 1
Measured k0 values at different pH and temperature, obtained by fitting peak potentials
as a function of scan rate, described in Section 3.3

Phosphate buffer pH Temperature of electrolyte/K k0/s−1 Ef
o/V

6 295 118±25 −0.33
7 295 98±16 −0.36
8 295 178±22 −0.41
7 303 107.3±18 −0.37
7 313 128±12 −0.38
7 323 161±19 −0.38

Formal potential used in the simulation is also given.
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Both the cathodic and anodic peak currents increase linearly
with scan rate (Fig. 5) which is indicative of a surface bound species
[25]. The equations for the reductive peak current (ip,red) and oxidative
peak current (ip,ox) from this plot are ip,red=0.299v+0.0374 and
ip,ox=0.270v+0.0336 respectively (ip: μA, v: V s−1, with least-squares
correlation coefficient, RN0.994). The surface coverage did not change
significantly with scan rate, indicating that the HRP is immobilized
on the surface of the electrode and not diffusing through the film.
The data was baseline corrected and the peak potentials, Ep,red and
Ep,ox, were plotted against a logarithmic scan rate scale to construct a
so-called ‘trumpet plot’ [1]. Interestingly, the Ep,red is seen to move to
more reducing potentials but Ep,ox varies significantly less over this
range of scan rates [28]. This suggests that the electrochemical
reaction given in Eq. (1) can be written specifically, using Testa and
Reinmuth notation, as:

HRP Feþ3� �þ e− ²
k0 HRP Feþ2� �

Electron transfer step Eð Þ ð2Þ

HRP Feþ2� �þHþ ²
kmax HRP Fe2þ

� �
−Hþ� �

Chemical step Cð Þ: ð3Þ

In effect, the reduction of the HRP is EC whilst the re-oxidation is
CE. The oxidation of Fe2+ is hindered by a preceding chemical step.

Using a simulation program developed by the Armstrong group
[29,30], in which a Butler–Volmer model is used and the electron
transfer can be approximated by Eq. (4), we were able to fit the
Fig. 6. Experimental (■) and simulated peak positions (line) are presented as a function
of scan rate for HRP–chi–[C4mim][BF4]/GC electrode in pH 7 phosphate buffer solution
at 295 K.
‘trumpet plots’ and obtain rate constants for the electron transfer (k0)
[30]:

1
k1

¼ 1
kBV

þ 1
kmax

ð4Þ

where kBV is the rate constant derived from the Butler–Volmer
equation and kmax represents the rate of the reaction preceding the
electron transfer. At low over-potential kBV determines the rate whilst
conversely at high over-potential kmax determines the maximum rate.

The simulation calculates cyclic voltammograms for different scan
rates using a finite difference procedure [31]. The parameters input
into the simulationwere: k0, kmax, peak separation at low scan rate, Efo

at 1.0 V s−1, the temperature (fixed) and napparent (the number of
electrons transferred) which was equal to 1. The simulation included
corrections to account for the non-idealities seen in the cyclic
voltammetry, including a small shift in Ef

o with increasing scan rate, a
constant peak separation at low scan rate, and half height peak widths
which are broader than theoretically expected.Whilst the curvature of
the ‘trumpet plots’ (Fig. 6) are greatly affected by k0, as detailed in the
work of Jeuken et al. [30], kmax influences the peak positions only to a
small extent over this scan rate range and the fittings of different kmax

in the range 103–109 did not affect the overall fitting (although
simulationswith kmaxb1000 fit poorly). Peak positionswere, however,
very sensitive to changes in k0. The value obtained for k0 at pH 7 at
295 Kwas 98 (±16) s−1, which is very similar to the reported valuewith
no ionic liquid [24] in the chitosan film, k0=104 (±34) s−1 [11].

Further cyclic voltammetrywas obtained by varying the electrolyte
pH. Voltammetry was obtained at scan rates between 0.1 and 6.0 V s−1

and modeled to find k0. There was no systematic variation of k0 with
pH. k0 at pH 8was slightly larger than at pH 6 and pH 7 (see Table 1). It
is suggested that, as the pKa for the heme-linked ionization is ca. 7
[26], this increase may be due to the fact that there is little proton
transfer to the enzyme at pH 8.
Fig. 7. Natural log of the standard rate constant is presented against the inverse of
temperature for HRP–chi–[C4mim][BF4]/GC electrode in pH 7 phosphate buffer solution.
Rate constantswere obtained from the theoretical fit of the experimental peak positions.
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3.4. Influence of temperature

The temperature dependence of the kineticswas also investigated by
varying the temperature of the electrolyte. Cyclic voltammetryat a range
of scan rates from 0.1 to 6.0 V s−1 was obtained at four temperatures
(295, 303, 313 and 323 K) for the HRP–chi–[C4mim][BF4]/GC electrode
by submerging the cell in an oil bath and maintaining a constant
temperature with a heated magnetic stirrer plate. The k0 values were
obtained from the data by fitting the ‘trumpet plots’ (described in
Section 3.3), and are displayed in Table 1. As expected, the k0 value
increased systematicallywith temperature and the activation energy, Ea,
for the electron transfer was calculated using the Arrhenius equation:

k0 ¼ A exp
−Ea
RT

� �
: ð5Þ

Fig. 7 shows a plot of ln k0 vs 1/T for the HRP–chi–[C4mim][BF4]/GC
electrode. A straight line was observed (least-squares correlation
coefficient=0.987), with a gradient of −1708 K, corresponding to an acti-
vation energy of 14.20 kJ mol−1, which is comparable with the activation
energy calculated by the increase in catalytic activity for the reduction of
hydrogen peroxide, H2O2, with temperature (14.84 kJ mol−1) [4], both
diffusion controlled processes; the former being the diffusion of the
proton and the latter the diffusion of H2O2 to the enzyme.

4. Conclusions

The direct electrochemistry ofHRPhas been studied bycyclic voltam-
metry on a HRP–chi–[C4mim][BF4] film-modified GC electrode. The
reduction is believed to proceed via an EC mechanism containing a
proton transfer step, as deduced by strong dependence of the cyclic
voltammetryon the pHof the solvent. The reduction andoxidationpeaks
(corresponding to the Fe3+/Fe2+ redox centre) were baseline corrected to
a 6th order polynomial, and theoreticallymodelled using a ‘trumpet plot’
[1]. The standard electron transfer rate constant, k0 was found to be 98
(±16) s−1, close to that in the absence of ionic liquid (104±16 s−1) [11],
suggesting that theuse of RTILs in the enzymefilmmay in fact provideno
unique benefits in enzyme/protein voltammetry (with the exception of
enhanced voltammetric signals). In addition, anArrhenius plot of k0with
T gives an activation energy for HRP reduction that is almost identical to
that reported for HRP films in aqueous media.

Acknowledgements

The authors acknowledge St. John's College for funding via a Junior
Research Fellowship (GGW), Schlumberger Cambridge Research (DSS)
and the State of Mecklenburg-Vorpommern and the Deutsche
Forschungsgemeinschaft (AES and GUF). The authors would also like
to thank Dr. Christopher Blanford (from the group of Professor Frazer
Armstrong, Oxford) for his help and assistance with the simulation
program (constructed by Dr. Lars Jeuken) used to fit the ‘trumpet plots’
in this work.

References

[1] F.A. Armstrong, Insights from protein filmvoltammetry intomechanisms of complex
biological electron-transfer reactions, J. Chem. Soc., Dalton Trans. (2002) 661–671.

[2] W. Zhang, G. Li, Third-generation biosensors based on the direct electron transfer
of proteins, Anal. Sci. 20 (2004) 603–609.
[3] J.R. Rusling, Enzyme bioelectrochemistry in cast biomembrane-like films, Acc.
Chem. Res. 31 (1998) 363–369.

[4] Y.-X. Sun, J.-T. Zhang, S.-W. Huang, S.-F. Wang, Hydrogen peroxide biosensor based
on the bioelectrocatalysis of horseradish peroxidase incorporated in a new
hydrogel film, Sens. Actuators, B, Chem. B124 (2007) 494–500.

[5] H. Liu, Z. Tian, Z. Lu, Z. Zhang, M. Zhang, D. Pang, Direct electrochemistry and
electrocatalysis of heme-proteins entrapped in agarose hydrogel films, Biosens.
Bioelectron. 20 (2004) 294–304.

[6] C. Guo, Y. Song, H.Wei, P. Li, L.Wang, L. Sun, Y. Sun, Z. Li, Room temperature ionic liquid
dopedDNAnetwork immobilizedhorseradishperoxidasebiosensor for amperometric
determination of hydrogen peroxide, Anal. Bioanal. Chem. 389 (2007) 527–532.

[7] J. Hong, H. Ghourchian, A.A. Moosavi-Movahedi, Direct electron transfer of redox
proteinsonanafion-cysteinemodifiedgoldelectrode, Electrochem.Commun.8 (2006)
1572–1576.

[8] H. Chen, Y. Wang, Y. Liu, Y. Wang, L. Qi, S.J. Dong. Direct electrochemistry and
electrocatalysis of horseradish peroxidase immobilized in nafion-RTIL composite
film, Electrochem. Commun. 9 (2007) 469–474.

[9] P.P. Joshi, A. Merchant, Y. Wang, D.D. Schmidtke, Amperometric biosensors based
on redox polymer-carbon nanotube-enzyme composites, Anal. Chem. 77 (2005)
3183–3188.

[10] P. Du, S. Liu, P. Wu, C. Cai, Preparation and characterization of room temperature
ionic liquid/single-walled carbon nanotube nanocomposites and their application
to the direct electrochemistry of heme-containing proteins/enzymes, Electrochim.
Acta 52 (2007) 6534–6547.

[11] H. Huang, N. Hu, Y. Zeng, G. Zhou, Electrochemistry and electrocatalysis with heme
proteins in chitosan biopolymer films, Anal. Biochem. 308 (2002) 141–151.

[12] C. Peniche, W. Arguelles-Monal, H. Peniche, N. Acosta, Chitosan: an attractive
biocompatible polymer for microencapsulation,Macromol. Biosci. 3 (2003) 511–520.

[13] M.C. Buzzeo, R.G. Evans, R.G. Compton, Non-haloaluminate room-temperature
ionic liquids in electrochemistry—a review, Chem. Phys. Chem. 5 (2004) 1106–1120.

[14] D.S. Silvester, R.G. Compton, Electrochemistry in room temperature ionic liquids: a
review and some possible applications, Z. Phys. Chem. 220 (2006) 1247–1274.

[15] M.C. Buzzeo, C. Hardacre, R.G. Compton, Use of room temperature ionic liquids in gas
sensor design, Anal. Chem. 76 (2004) 4583–4588.

[16] O.Meracz, I. Taeboem, Asymmetric diels-alder reactions in ionic liquids, Tetrahedron
Lett. 44 (2003) 6465–6468.

[17] L. Olivier-Bourbigou, H. Magna, Ionic liquids: perspectives for organic and catalytic
reactions, J. Mol. Catal. A: Chem. 182–183 (2002) 419–437.

[18] F. Van Rantwijk, R.A. Sheldon, Biocatalysis in ionic liquids, Chem. Rev. 107 (2007)
2757–2785.

[19] E. Feher, B. Major, K. Belafi-Bako, L. Gubicza, On the background of enhanced
stability and reusability of enzymes in ionic liquids, Biochem. Soc. Trans. 35 (2007)
1624–1627.

[20] M.M. Fatima, S.J. Manuel, Thermal stability and activity regain of horseradish
peroxidase in aqueous mixtures of imidazolium-based ionic liquids, Biotechnol.
Lett. 27 (2005) 1233–1239.

[21] X. Lu, Q. Zhang, L. Zhang, L. Jinghong, Direct electron transfer of horseradish
peroxidase and its biosensor based on chitosan and room temperature ionic liquid,
Electrochem. Commun. 8 (2006) 874–878.

[22] M. Zhang, A. Smith,W. Gorski, Carbon nanotube–chitosan system for electrochemical
sensing based on dehydrogenase enzymes, Anal. Chem. 76 (2004) 5045–5050.

[23] R. Yan, F. Zhao, J. Li, F. Xiao, S. Fan, B. Zeng, Direct electrochemistry of horseradish
peroxidase in gelatin-hydrophobic ionic liquid gel films, Electrochim. Acta 52 (2007)
7425–7431.

[24] We note a recent paper by Zhou and co-workers (reference [11]) who report peaks
for the Chitosan–HRP systemwith no RTIL. However, they use a pyrolytic graphite
as opposed to the glassy carbon electrode used in this study, and could explain the
difference in behaviour between this and the previous report.

[25] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and Applications,
2nd editionJohn Wiley & Sons, 2001.

[26] I. Yamazaki, M. Tamura, R. Nakakima, Horseradish peroxidase c, Mol. Cell. Biol. 40
(1981) 143–153.

[27] L.M. Shannon, E. Kay, J. Lew, Peroxidase iosozymes from horseradish peroxidase,
J. Biol. Chem. 241 (1966) 2166–2172.

[28] F.A. Armstrong, R. Camba, H.A. Heering, J. Hirst, L.J.C. Jeuken, A.K. Jones, C. Leger, J.P.
McEvoy, Fast voltammetric studies of the kinetics and energetics of coupled
electron-transfer reactions in proteins, Faraday Discuss. 116 (2000) 191–203.

[29] J. Hirst, J.L.C. Duff, G.N.L. Jameson, M.A. Kemper, Barbara B.K. Burgess, F.A.
Armstrong, Kinetics and mechanism of redox-coupled, long-range proton transfer
in an iron-sulfur protein. Investigation by fast-scan protein-film voltammetry,
J. Am. Chem. Soc. 120 (1998) 13284.

[30] L.J.C. Jeuken, J.P. McEvoy, F.A. Armstrong, Insights into gated electron-transfer
kinetics at the electrode-protein interface: a square wave voltammetry study of
the blue copper protein azurin, J. Phys. Chem., B 106 (2002) 2304–2313.

[31] D. Britz, Digital Simulation in Electrochemistry, 2nd ed.Springer-Verlag, Berlin, 1988.


	Direct electrochemistry of horseradish peroxidase immobilized in a chitosan–[C4mim][BF4] film: .....
	Introduction
	Experimental
	Chemical reagents
	Instrumental
	Preparation of HRP–chi–[C4mim][BF4] modified film electrode

	Results and discussion
	Voltammetric behaviour of HRP–chi–[C4mim][BF4]/GC electrode
	Influence of pH
	Influence of the potential scan rate
	Influence of temperature

	Conclusions
	Acknowledgements
	References




