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Abstract 

Myoglobin (Mb) in thin films of phosphatidyl cholines (PC) or dihexadecyl phosphate (DHP) gave direct, reversible 
electron transfer between pyrolytic graphite electrodes and the heme Fe(III)/Fe(II) redox couple of the protein. PC films 
incorporated much more Mb than DHP films. A model assuming several classes of electroactive sites in the films on the 
electrode with a dispersion of standard potentials successfully fit square-wave voltammetric data at pulse heights > 50 mV. 
Electron transfer rate constants in PC and DHP films were significantly larger than for Mb in thin films of an insoluble 
cationic surfactant. The pH dependence of the formal potential of Mb in the PC films suggested that protonation, possibly 
inducing conformational change, accompanies electron transfer to MbFeOII) between pH 5 and 1 I Mb in PC films was used 
for catalysis of the reduction of trichloroacetic acid. 

Krword.v: Myoglobin; Phosphatidylcholine; Electron transfer; Thin protein films; Models for square wave voltammetry: Catalysis 

1. Introduction 

While primarily an oxygen transport protein in 
mammalian muscle, the heme protein myoglobin 
(Mb) can also act as an oxidation [ 1,2] or a reduction 
[3-51 catalyst. In this respect, it has similar proper- 
ties to cytochrome P450, which catalyzes organic 
oxidations and reductions, and is implicated in car- 
cinogenic activation of pollutants in living systems 
[6-81. While myoglobin is less stereo- and regiose- 
lective in most of its catalytic reactions, it provides a 
readily available model for investigation of possible 
chemical pathways of pollutant activation. Further- 
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more, lipid peroxidation catalyzed by myoglobin may 
be important in myocardial reperfusion damage [9- 
121. 

As with the cytochromes P4.50 [ 13- 151, electron 
transfer to the Fe(II1) form of myoglobin is the initial 
step in its catalytic cycles [l-5]. For catalytic reduc- 
tions, this first electron transfer occurs under anaero- 
bic conditions. Catalytic oxidations require oxygen 
and additional electron transfer steps. 

We recently reported direct electron transfer be- 
tween electrodes and aquo-metmyoglobin, i.e., the 
Fe(III) form of Mb with water as an axial ligand, in 
films of insoluble surfactants [5]. In contrast, this 
electrochemical reduction has been obtained in solu- 
tion only with highly purified Mb on specially 
cleaned I’ hydrophilic” tin-doped indium oxide elec- 
trodes [16-l 81. Electron transfer rates in liquid crys- 
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tal films of lipid-like surfactants [.5,18-201 were (PC(C 12:O)) L-phosphatidylcholine (PC) were from 
IO-fold larger than for ultrapure Mb in water on the Sigma (99%). Dihexadecylphosphate (99%) was from 
I’ hydrophilic ” indium oxide electrodes, and over Aldrich. Water was purified with a Barnstead 
IOOO-fold larger than on Au, Pt, and carbon elec- Nanopure system to specific resistance > 15 Ma- 
trodes. cm. All other chemicals were reagent grade. 

Cationic and nonionic surfactants and cationic 
surfactants with polymeric anions have been used to 
make stable films with Mb [5,1 g-201. All the surfac- 
tants have two or three long hydrocarbon tails. They 
self-assemble into multiple bilayer structures similar 
to lipid bilayers and exhibit characteristic gel-to- 
liquid crystal phase transitions. ESR anisotropy and 
linear dichroism showed that Mb is specifically ori- 
ented in these films [5,20,21]. Comparable electron 
transfer rates were found for all of these films in 
their liquid crystal states. Mb-surfactant films on 
electrodes were recently used to catalyze reduction 
of organohalide pollutants [22] mimicking cy- 
tochrome P450 in an anaerobic environment. 

PARC model 273 and Bioanalytical Systems 
BAS- 1 OOB electrochemical analyzers were used for 
cyclic [25] and square wave voltammetry [26]. The 
three-electrode voltammetric cell featured a saturated 
calomel electrode (SCE) as reference, a Pt wire as 
counter electrode, and a basal plane pyrolytic graphite 
(PG) disk (HPG-99, Union Carbide; geometric A = 
0.2 cm21 as working electrode. PC electrodes were 
abraded with 600-grit SIC paper on a metallographic 
polishing wheel prior to coating with Mb-surfactant 
films [5]. The voltammetric cell was thermostated at 
25 _t 0.2”C. 

2.2. Preparation of Mb-sugactunt films 
In this paper, we describe the electrochemical 

properties of Mb in films of phosphatidyl cholines 
(PC), of particular interest as components of biologi- 
cal membranes [23,24]. We also report studies of Mb 
in films of dihexadecyl phosphate (DHP) as an ex- 
ample of an anionic surfactant, which has not been 
employed previously. Square wave voltammograms 
of these films were successfully modeled by assum- 
ing a dispersion of standard potentials for Mb in the 
films. 

2. Experimental section 

2.1. Materials and apparatus 

Phosphatidylcholine (PC) vesicle dispersions were 
prepared [21] by sonicating 5 mM PC suspensions in 
water until they became clear (N 24 h). Mb-PC 
films were prepared on electrodes by two methods. 
In the first, 10 ~1 of the 5 mM PC vesicle dispersion 
was spread with a microsyringe onto a PG electrode 
and dried in air overnight. This coated electrode was 
then placed into a buffer solution containing 0.5 mM 
Mb for incorporation of Mb into the film. In the 
second method, 10 (*l of 0.25 mM Mb in a 2.5 mM 
PC vesicle dispersion was deposited onto a PG elec- 
trode and dried in air overnight. Mb-PC films made 
by either method gave similar voltammograms. The 
second method was more convenient and quantita- 
tive, and was used for most of the work reported. 

Myoglobin from horse skeletal muscle (Sigma) 
was dissolved in water or buffer’ and passed through 
Amicon YM30 filters (30,000 MW cutoff) [ 111. Con- 
centrations after ultrafiltration were estimated by 
spectroscopy [5]. Buffers were 0.01 M tris(hydroxy- 
methyl)aminomethane - HCl (TRIS - HCl), 0.01 M 
acetate/acetic acid, 0.005 M sodium dihydrogen 
phosphate, and universal buffers of 0.01 M each 
citric acid, sodium dihydrogen phosphate and boric 
acid. Desired pHs of buffers were adjusted with 
dilute HCl or NaOH. All buffers contained 0.1 M 
NaCl. 

Dihexadecyl phosphate (DHP) films were made 
by casting 10 pJ of 0.05 M DHP in chloroform onto 
PG electrodes. Chloroform was evaporated in air 
overnight. DHP-coated PG electrodes were then 
placed into 0.5 mM Mb buffer solution overnight or 
longer for incorporation of Mb. 

2.3. Procedures 

Dimyristoyl (PC(C14:O)) and dilauroyl 

Voltammetry on electrodes coated with Mb- 
surfactant films was carried out in buffers containing 
no Mb. Buffers were purged with purified nitrogen 
2 20 min after immersion of the electrode prior to a 
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series of experiments. A nitrogen environment was 
kept over solutions in the voltammetric cell at all 
times. The ohmic drop of the cell was compensated 
electronically [25], with uncompensated resistance 
typically S-7 R. Cyclic voltammetry (CV) was used 
to measure the formal potential E”’ as the midpoint 
between the reduction and oxidation peaks 1251. 

A pH electrode (Fisher) in the electrochemical 
cell connected to a Coming model 130 pH meter was 
used to monitor pH. No pH difference was observed 
before and after CV scans. All changes in CVs with 
pH were reversible, and no evidence was found for 
damage of the films during a series of scans in 
buffers ranging from pH 3 to 1 I. 

UV-Vis absorption spectroscopy was carried out 
with a Perkin-Elmer Lambda-6 spectrophotometer. 
For films, vesicle dispersions of 1.7 mM PC in 3.3 
mM buffers of the desired pH containing 0. I7 mM 
Mb were used. Films were prepared by depositing 
this mixture onto quartz slides, and drying in air. 
Spectra were also taken of 12 pM Mb in 120 pM 
PC vesicle dispersions in aqueous buffer. 

Scanning electron microscopy @EM) was carried 
out with an Amray 1810 microscope. Coated elec- 
trodes were fixed on the SEM mounting stage by 
low resistance contact cement (Ernest F. Fullam. 
Latham, NY). For cross-sectional views, thin PC 
electrodes were fractured after immersion in liquid 
nitrogen [27]. Prior to SEM, 5 nm of gold was coated 
onto samples with a SC 500 sputter coater (Bio-Rad). 

3. Results 

3.1. Film thickness 

In Mb-containing films made with other insoluble 
surfactants [5,18-201, thicknesses of up to 20 pm 
were used. Because the PCs are slightly water solu- 
ble [23], it was not possible to prepare Mb-PC films 
of this thickness. Such films became thinner after 
soaking in buffer for several minutes, but then re- 
mained stable on PG electrodes for a month or more. 
This thinning process could be visualized by scan- 
ning electron microscopy @EM). A film that was 
about 10 km thick originally showed an intricate 
textured appearance in an SEM top view (Fig. la>. 
Its average thickness was confirmed by a side view 

Fig. I. Top-view SEM images of Mb-PC(Cl3:O) on a PG elcc- 
trade. a. Before soaking in pH 5.5 buffer. h. After soaking in 
buffer for 30 min. 

after freeze fracture. After such films were soaked in 
buffer for 30 min, the SEM appeared very different, 
consisting of small spots of 0.1-0.3 urn diameter. 
The thickness of freeze-fractured Mb--PC films on 
PG electrodes soaked in buffer for 30 min was 
estimated at l-2 pm by SEM. 

Thinning of Mb-PC films on quartz or glass was 
observed by absorbance spectroscopy Immediately 
after preparation, Mb-PC films gave the typical 
Soret band at about 409 nm for aquo-metmyoglobin 
(MbFe(III)-H20) [28], similar to that in films of 
other surfactants [5,20]. However, immersion of films 
into aqueous buffers led to rapid decreases in ab- 
sorbance (Fig. 2). After 60 s immersion, the Soret 
band was barely detectable. Analysis of the solution 
by measuring the Soret band of dissolved Mb showed 
that 92% of the Mb deposited in the film had been 
dissolved in the solution after 30 min. This is consis- 
tent with a decrease in film thickness of about 90%. 
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Wavelength / nm 

Fig. 2. UV-Vis absorption spectra of Mb-PC (C14:O) films on 
quartz slides soaked in pH 5.5 buffers for: a, 0; b, 1: c, 8; and d. 
60 s. Spectra offset on A-axis for clarity. 

Similar thinning was observed for DHP films, but 
for a different reason. Mb-DHP films could only be 
prepared successfully by first casting DHP films 
from chloroform solutions, evaporating the solvent, 
and equilibrating for 24-48 h in aqueous Mb solu- 
tions. Thinning occurred during this long equilibra- 
tion, but the final Mb-DHP films were stable on PG. 
We have previously observed thinning of insoluble 
surfactant films without protein, and believe that it 
occurs in this case before enough protein has entered 
the film to stabilize it. 

3.2. Cyclic uoltammetry 

Reproducible CVs for Mb-PC films were ob- 
tained within several minutes after immersion in 
anaerobic buffer. A reversible pair of reduction- 
oxidation peaks was observed (Fig. 3a) with an 
average midpoint potential at pH 7 of - 320 mV vs. 
SCE ( - 78 mV vs. NHE). The shapes of these peaks 
were nearly symmetric, indicating thin layer electro- 
chemical behavior [25], with equal reduction and 
oxidation peak heights. This behavior suggests that 
all of the electroactive MbFe(II1) in the film is 
converted to MbFe(I1) on the forward scan to nega- 
tive potentials, with full conversion of MbFe(I1) to 
MbFe(II1) on the reverse scan. 

Peak currents for Mb-PC films were linearly 
proportional to scan rates up to 10 V SK’ (Fig. 3b), 
as expected for thin layer electrochemistry [25,29]. 
Plots of log peak current vs. log scan rate had 
correlation coefficients of 0.998 with slopes of 0.96, 
similar to the theoretical slope of 1 for thin layer 

voltammetry [29,30]. Mb-PC(Cl2:Ol and Mb- 
PC(C14:O) films showed identical behavior. 

For thin layer cyclic voltammetry, the integral 
under the reduction curve gives the number of moles 
of electroactive species in the thin film [25,29,30]. 
Integration of the CVs of Mb-PC films gave an 
average surface concentration of electroactive Mb of 
2.9 X 10P’” mol cm-‘, with a variability of + 10%. 
A rough estimate of the concentration of electroac- 
tive protein in the film from this surface concentra- 
tion and the film thickness is 2-3 mM. 

Useful Mb-DHP films could not be prepared by 
casting protein-vesicle dispersions (see Section 21. 
When cast DHP films were placed in Mb solutions. 
uptake of sufficient protein for voltammetric studies 
took one to two days, as opposed to < 30 min for 
PC films. Thus, Mb-DHP films may be less useful 
than protein films made with other surfactants, and 
were examined in less detail. Nevertheless, their 
properties are of interest as an example of an anionic 
surfactant film existing in the solid-like gel state at 
ambient temperature [2 11. 
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Fig. 3. Representative cyclic voltammograms for Mb-PC(C14:O) 
films in pH 5.5 buffer containing 0.1 M NaCI, but no Mb. a. 
Films at scan rates of 2-10 V s _ ’ Curve marked “bare ” is for 
bare PG electrode in 0.25 mM Mb solution. b. Influence of scan 
rate on reduction peak current. 
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Fig. 4. Representative cyclic voltammograms for Mb-DHP films 
in pH 7.5 buffers containing 0. I M NaCl, but no Mb: films at scan 
rates of 2-10 V s- ’ : curve marked “bare: is for bare PC 
electrode in 0.25 mM Mb solution. 

CVs for Mb-DHP films were similar to those of 
Mb-PC films (Fig. 4), but peak currents were signif- 
icantly smaller. Symmetric peak shapes and linear 
proportionality of peak current to scan rate again 
indicate reversible thin layer voltammetry. Integra- 
tions of CVs gave an average surface concentration 
of electroactive Mb of 0.39 X lo-“’ mol cm-‘. with 
a variability of k 107~. 

The time of protein penetration into pure surfac- 
tant films was investigated to obtain information 
about mobility within the films. Penetration experi- 
ments were done by placing electrodes coated with 
protein-free surfactant films into 0.25 mM Mb solu- 
tions at pH 5.5, and using CV to monitor the growth 
of the MbFe(lI1) peak. After PC films were placed 
into Mb solutions, peak currents began to increase 
(Fig. 5) after about 30 s. This suggests that Mb 
physically passed through the PC film and was re- 
duced at the electrode. This process probably occurs 
simultaneously with partial film dissolution, as men- 
tioned above. 

When DHP films on PG were placed into Mb 
solutions. no evidence of Mb penetration through the 
film was found over two hours. MbFe(III) peaks 
appeared only after overnight soaking. This is consis- 
tent with very slow protein transport in the solid-like 
gel phase of DHP films at ambient temperature [21]. 

3.3. Electron trun.sfer kinetics 

As scan rate is increased, the separation between 
CV reduction and oxidation peaks (A,!$,) increases 

Fig. 6. Influence of scan rate on reduction and oxidation peak 
potentiala for a Mb-PC(Cl4:0)-PG film at pH 7.0. 

0.60 

t / min 

Fig, 5. Increase in MbFe(III) peah current at 0.4 V h- ’ with time 
after immersion of a PC(Cl4:O) film into 0.25 mM Mb in pH 5.5 
buffer. 

because of limiting electron-transfer kinetics (Fig. 6). 
Values of A E, were used to estimate rate constants 
for electron transfer between electrodes and Mb by 
the method of Laviron [30.31]. The Laviron model 
assumes identical, non-interacting electroactive cen- 
ters on the electrode. 

For all Mb films. A E,, < 200 mV. and Eq. (I) 
(from Fig. 4 of Ref. [3 I]), assuming an electrochemi- 
cal transfer coefficient ( (Y ) of 0.5, was used to obtain 
apparent surface electron transfer rate constants (k,) 

l/m = 1.459 x lo--’ + 2.335 x IOK%,, 

+ 1.323 x IO-‘AE; + __. (‘1 

where m = (RT/F)(k,/nv). R is the gas constant, 
T is absolute temperature. F is Faraday’s constant, II 
is the number of electrons transferred per protein 
molecule (here II = 1). and z’ is the scan rate. 

Results in Table 1 show an increase in rl-, as the 
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Table 1 
Scan rate dependence of surface electron transfer rate constants obtained from CV by the Laviron method ’ 

Scan rate/V s- ’ k,/s- ’ 

Mb-PC(C 14:O) films, Mb-PC(C 14) films, Mb-PC(C12:O) films, Mb-PC(Cl2:O) films, 
pH 5.5 PH 8 pH 5.5 PH 8 

2 23 + 1 32 + 2 31+2 36 + 2 
4 46 f 4 57 + 2 57 f 3 64 * 2 
6 70 + 7 83 + 2 82 + 6 90 f 3 
8 87 + 5 102+2 107 + 10 11155 

10 104+9 121+3 126 f 12 134*7 

a See Refs. [30,31]. 

scan rate is increased. This behavior was observed 
for k, from CV data in various buffers and at several 
pH values, as well as for Mb-DHP films. It is not 
caused by uncompensated ohmic drop in the electro- 
chemical cell, since this would bias k, in the oppo- 
site direction to that observed. Clearly, the ideal 
Laviron model does not adequately fit CV data for 
these films. Similar scan-rate-dependent k, values 
were reported for cytochrome c adsorbed onto tin 
oxide electrodes [32] and for cytochrome c cova- 
lently attached to self-assembled monolayers on elec- 
trodes [33]. 

3.4. Square waue voltammeti-y (SWVI 

In this pulsed voltammetric method, the potential 
waveform applied to the electrochemical cell con- 
sists of a symmetric square forward and backward 
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Fig. 7. Square wave forward and reverse current voltammograms 
for Mb-PC(C14:0)-PG electrodes in pH 7.5 buffers. Points repre- 
sent the experimental background-subtracted SWV; the solid line 
was fitted by using nonlinear regression analysis with a model for 
a single species confined to the electrode surface 1341. SWV 
conditions: frequency, 140 Hz; pulse height, 75 mV; step height, 4 
mV. 

pulse sequence superimposed on a staircase potential 
ramp [26]. The resulting current at the end of each 
forward and backward pulse is measured. SWV has 
distinct advantages in signal-to-noise and resolution 
over CV, often making it a better choice for quantita- 
tive fitting of models to voltammetric data [26]. 

Theory was recently developed for SWV for 
species confined to an electrode surface [34]. When 
this model was fit onto experimental SWVs for 
Mb-PC or Mb-DHP films, peaks in both forward 
and reverse current vs. potential curves were much 
broader than the theoretical shapes (Fig. 7). Fitting 
was unsuccessful for this reason. 

The broadening of a voltammetric peak suggests 
possible thermodynamic or kinetic dispersion. This 
has been attributed to repulsion between reactants 
[30,35-371, differences in the spatial distribution of 
the redox centers [38,39], and a dispersion of formal 
potentials (E”‘) [40-&l]. Here we consider disper- 
sion of E”’ values as a realistic model for Mb heme 
centers dispersed in films at a relatively low density, 
consistent with the 0.1-3 mM protein concentrations 
in these films. The model implies different classes of 
Mb molecules in the films with slightly different EO’ 
values. Combining the E”‘-dispersion model with the 
theoretical treatment for SWV of a confined species 
[34], the observed current (i) is given by 

i= Cij 

where ij is the contribution of the jth class of redox 
centers with formal potential ET to the total current, 
given by 

ii= (nFA’;*); 
P 

(3) 
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Fig. X. Square wave forward and reverse current voltammograms 

for MbPC(C14:0)-PC electrodes in pH 7.5 buffers fitted by 

using the E”‘-dispersion model Eys. (2)-(7) with: a, 7-E”‘\; and 

b. IO-E”‘s. Points represent the experimental hackground-sub- 

tracted SWV; the solid line was the best fit to the model by 

nonlinear regression analysis. SWV conditions: frequency, 130 

Hz: pulse height, 75 mV: step height. 4 mV. 

where II is the number of electrons transferred per 
redox center, A is electrode area (cm’), r, * is the 
total surface concentration (mol cm-’ ) of the jth 
class, and t, is the pulse width. q, is the dimension- 
less current described as 

p,= [@I., + Kh.,)$“,, - %.,]exP[ -(KC, + %,)] 

(4) 

and 

? + Kh., 

"" = ( K,,, + Kh,,) 
(5) 

where c,:,T, is the jth surface concentration ratio 

C,. ,/I; * at time t = 0, 4,:: is the ratio rO,j/r, * at 
t=t p, q, = kf,,tp and q,,; = kb,jtp. Rate constants 
k, and k, are for forward and backward electron 
transfer as in the Butler-Volmer equation [25], de- 
fined by 

k,,,=k\t,exp[-a(nF/RT)(E-EY’)] (6) 

and 

k h.1 = k,t,exp[( I - a)( nF/RT)( E - E;‘)] (7) 

where k, is the standard surface rate constant in s- ‘, 
a is the electrochemical transfer coefficient. E is 
applied potential, E,f’ is the standard potential of the 
jth class of redox centers, and R, I’. and F‘ are 
defined as in Eq. (1). Voltammograms were com- 
puted by applying Eqs. (2)-(7) repetitively, using 
average k, and (Y values. A detailed description of 
these computations and their errors will be published 
elsewhere [4S]. 

I?“-dispersion models with 2 to IO classes of 
redox centers were tested. Fitting to SWV data was 
done by nonlinear regression using a general pro- 
gram employing the Marquardt-Levenberg algo- 
rithm [46]. Potentials were considered to be error- 
free, and errors in current were assumed to be con- 
stant. The parameters for the regression analysis 
were I;<,: . average (Y, average k, and the collection 
of m EP’ values, where m is the number of classes 
of redox centers in the film. While the quality of the 

No. of EO’ classes 

r” 30 I 

1 25 

. 

0 2 4 6 6 10 

No. of E0 classes 

Fig. 9. Influence of the number of E”’ classes in the SWV model 

on: a, residual error sums (S) from the regression analyses; b. 

average electron transfer rate constants. SWV conditions: fre- 

quency, 140 Hz; pulse height, 75 mV: step height, 4 mV. 
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Fig. 10. Square wave forward and reverse current voltammograms 
for Mb-PC(Cl4:0)-PG in pH 7.5 Tris-buffer containing 0.1 M 
NaCl at step height 4 mV. Points represent the experimental 
background-subtracted SWV; solid lines are the best fits to the 
7-E” model by nonlinear regression analysis: a, frequency, 100 
Ha; pulse heights (AE) in mV given on curves: b, pulse height, 
75 mV; frequencies given on curves. 

fit improved with the increasing number of E”s, 
optimum fits were reached at 2 7 classes. Voltam- 
mograms fitted with seven-E” and ten-E“’ models 
gave similar results (Fig. 8). 

Residual error sums (S) and rate constants (k,) 
from the regression analyses reached nearly constant 
values at m 2 7 (Fig. 9). The values of average 
formal potential (E&l, co:, and LY did not vary 
significantly with m for m 2 7. 

The extra-sum-of squares F-test [46] was used as 
an additional statistical test to judge the model giv- 
ing the best fit. The individual regression models to 
be compared have different numbers of parameters 
( p). The extra-sum-of-squares F-test accounts for 
this difference. It involves calculating the F ratio 

F(Pz-P,*n-P*) = 
(4 -s?)/(P?-Pt) (8) 

S*/(n -P2) 

where S, and S, are the residual error sums from 
regression analyses of the same data onto models 1 
and 2, p, and p2 represent the numbers of parame- 
ters in each model, and the subscripts refer to the 
specific models. The F statistic is calculated from 
Eq. (8) after the regression analyses. Comparison 
with statistical F-tables revealed that there was no 
significant difference between the m = 9 and m = 10 
models when fitting experimental data, but the mod- 
els fit less well as m became 2 8. However, differ- 
ences in goodness of fit for 7 I m I 10 were 
marginal, and parameter values for these fits differed 
by < 1%. Thus, except where indicated, the m = 7 
model was used for all data discussed below as a 
compromise between goodness of fit and ease of 
computation, 

The 7 - E”’ model gave good fits to experimental 
square wave voltammograms of Mb-surfactant films 
at various pulse heights and frequencies (Fig. 10). 
E”’ avg and CY were essentially constant for data ob- 
tained under different experimental conditions. The 
rate constant k, did not depend on frequency at pulse 
heights of 50 and 75 mV. At pulse height 25 mV, k, 
increased slightly with increasing frequency, similar 
to the way in which k, estimated from CV data 
increased with increasing scan rate. 

Table 2 
Electrochemical parameters of Mb-lipid films at pH 7.5 from nonlinear regression analysis of SWV onto seven-E”’ model “ 

Film Ezd, (mV vs. NHE) (Y k,/s- ’ &6, X 10’“/mol cm-’ 

swv cv swv cv * 

Mb-PC(C 14:O) b -100*1 -110+3 0.50 f 0.02 35 + 6 3.4 f 0.7 2.9 
Mb-DHP ’ -89+5 -98&6 0.52 + 0.02 90 f 7 0.5 + 0.1 0.4 

’ In pH 7.5 Tris-buffer containing 0.1 M NaCl. b Average values obtained from 12 SWVs at 50-75 mV pulse heights and f= 100-200 Hz 
data. ’ Average values obtained from 10 SWVs at 50-75 mV pulse heights and f= 300-500 Hzd By integrating CV reduction peaks, 
+ 10% relative standard deviation. 
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Fig. I I. Distribution of amounts of Mb in Mb-PC(C14:O) film 
cxpreased as surface concentrations with different E”‘-values from 
analysis of SWV with model having 7.E”‘s and their associated 
1; * : pulse height. 75 mV; frequency, 100 Hz; step height, 3 mV. 

Despite these errors in k, at small pulse heights. 
the E”‘-dispersion model for SWV at pulse heights 
2 SO mV gave satisfactory fits to SWVs for Mb-- 
surfactant films. A summary of results for Mb-- 
PCtC14:O) and Mb-DHP films is given in Table 2. 

Another mode of fitting with the E”‘-dispersion 
model was briefly examined in which both 7-E”‘s 
and their associated r, * were used as fitting param- 
eters. The additional parameters increased analysis 
time 2-fold. but the quality of fits was comparable to 
those in Fig. 10. Rate constants found were within 
f2’% of those with the simpler analysis using the 
global r,,,; parameter. When using all the 1; * as 
parameters, the distribution of E”s is revealed. 
These distributions were roughly Gaussian (Fig. 1 1). 

To see if the SWV parameters could explain the 
CV results, we computed CVs from parameters ob- 
tained from fits using 7-E”‘s and their associated 
r, I. A summed Gaussian peak model [46] (one peak 
for each E”‘) using the parameters estimated from 
SWV reproduced the CV peak shapes. In particular, 
widths for calculated peaks were in good agreement 
with experiment (200 f 20 mV) between 0.5 and IO 
vs ‘. 

All changes in CV peak potentials and currents 
with pH were reversible. Electrochemical properties 
of Mb-PC films at pH 7 were recovered even after 

Table 3 
Influence of pH on parameters l’rom CV ’ on pH for Mh- 
PC(Cl4:O) films 

PH i,, / f,,,; X IO”‘/ EFWHM / f?‘/mV/ 3E,/ 

LA mol cm-’ mV NHE mV 

IO.9 53.5 2.6 
9.9 4X.6 1.5 
9.0 43.5 1.4 
8.0 40.1 7.5 
7.0 Il.6 2.6 
7.0 11.6 1.5 
6.0 38.6 2.1 
6.0 30.6 3.5 
5.0 41.4 2.6 
1.0 4X.6 2.7 
3.2 54.7 1.7 
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6.1 

‘I Scan rate. 2 V \- 

exposure to pH 3 buffer. where Mb is partly dena- 
tured [47-491. Typical results are shown for an 
Mb-PC(C13:O) film (Table 3). The reversibility of 
the films when changing pH is demonstrated by the 
duplicate entries for pH 6 and 7. one set of which 
was obtained before and one after CVs at all the 
other pHs were measured. 

Plots of formal potentials vs. pH were linear 
between pH 5 and I 1 with slopes of -60 mV/pH 
(Fig. 12). This suggests that a single proton transfer 
is coupled to the electron transfer reaction [SO.5 I]. 
There is an inflection point in the plot at about pH 
4.6. and at lower pH the formal potential is nearly 
pH-independent. 

PH 

Fig. 12. pH Dependence of formal potential: +. Mb-PC(CI4:O) 
in phosphate buffers; 0. Mb-PC(C l2:O) in phosphate buffers: 0. 
Mb-PC(Cl4:O) in universal citrate/phosphate/borate buffers. All 
buffers contained 0. I M N&I. 
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Total surface concentrations (I&,> were indepen- 
dent of pH within the error of integration of the CVs, 
suggesting that the amount of electroactive Mb in the 
films is roughly independent of pH. Separations of 
reduction and oxidation peaks (A./Z,), which are 
inversely related to electron transfer rates [30], were 
essentially constant between pH 5 and 9, and de- 
creased at lower and higher pHs. The voltammetric 
peak width at half-height (E,,,, > at pH 7.0 is about 
50-60 mV larger than that at pH 3.2 and 10.9. 

As seen in Fig. 2, Mb-PC films are not suffi- 
ciently stable on quartz for detailed spectroscopic 
studies in buffers. However, freshly prepared films 
were exposed to the buffer solution for a few sec- 
onds without extensive dissolution. The pH depen- 
dence of Soret band spectra of the heme groups of 
Mb in buffer, in PC films and in PC vesicle disper- 

200 -125 -450 -775 -1100 

E / mV vs SCE 

Fig. 14. Cyclic voltammograms at 100 mV s-’ in pH 5.5 buffer 
containing 0.1 M NaCl. Curves A-E are for Mb-PC(C14:OkPG 
electrode in buffers containing trichloroacetic acid at: A. 20 mM; 
B, 8 n&f; C, 4 mM; D, 2 mM; and E, 0 mM. Curve F is for 
PC(Cl4:0)-PC electrode without Mb in buffer containing 5 mM 
trichloroacetic acid. 

a 

0.80 

Wavelength / nm 

a 2 

Wavelenth / nm 3.6. Catalysis 

Fig. 13. Absorption spectra of Mb Soret region. a. Mb-PC(Cl4:O) 
films on quartz slides. b. 12 p,M Mb in PC (C14:O) vesicle 
dispersions. Spectra are offset on A-axis for clarity. 

Electrochemical catalytic activity of Mb-PC films 
was tested by CV for the reduction of trichloroacetic 

sions, were compared. Between pH 5 and 7, the Mb 
Soret band was at 408-409 nm in buffers [52-541 
and PC vesicles (Fig. 13). Mb-PC films had a Soret 
band at 410 nm in this same pH range. Partial 
acid-induced denaturation of Mb in PC films, vesicle 
dispersions and aqueous solutions caused the Soret 
peak to shift blue, as observed previously in solution 
[52-551. 

Some differences in spectra of Mb in PC vesicle 
dispersions and Mb solutions were noted at low pH. 
The Soret band in buffers shows an abrupt decrease 
between pH 5 and 4.3 and the maximum shifted to 
405 nm due to the partial unfolding of Mb [34-361. 
Solution spectra at pH 4 and 3 were almost identical, 
showing a broad absorption at about 370 nm. In 
vesicle dispersions (Fig. 13b), absorbance decreased 
gradually from pH 5.0 to 4.0 accompanied by a blue 
shift from 408 to 397 nm. At pH 3.0, a broad double 
peak with maxima at about 397 and 385 nm was 
found. Spectra in Mb-PC films (Fig. 13a) are more 
similar to those in the vesicle dispersions than in 
aqueous buffers. 



acid, with which MbFe(I1) reacts [22]. When tri- 
chloroacetic acid was added to the buffer, an in- 
crease in the Mb Fe(III)/Fe(II) reduction peak in 
Mb-PC films was observed (Fig. 14). This was 
accompanied by disappearance of the MbFe(I1) oxi- 
dation peak as the trichloroacetic acid concentration 
was increased. These results indicate reaction of 
MbFe(lI) with trichloroacetic acid in a catalytic cy- 
cle, presumably resulting in the reductive dechlorina- 
tion of the acid [22]. The peak reduction current for 
Mb increased with increasing trichloroacetic acid 
concentration in solution, characteristic of electro- 
chemical catalysis [25]. 

4. Discussion 

4.1. Film morphology and electron transfer proper- 

ties 

SEM (Fig. l), time dependence of absorbance 
spectroscopy (Fig. 2) and thin-layer voltammetric 
behavior (Figs. 3 and 4) of the Mb-PC and Mb-DHP 
films are consistent with thinning processes which 
leave stable films of l-2 km on electrodes. SEM of 
Mb-PC showed (Fig. lb) that the final films on PG 
are not uniform, but apparently consist of islands 
0.1-0.3 km in diameter spaced rather closely on the 
PG surface. 

For Mb-PC films. rapid thinning when the films 
are exposed to water is probably a consequence of 
the slight water solubility of the PCs, leaving a thin 
stable layer adhering to the PG. Similar thinning 
occurs for films of Mb and didodecyldimethylammo- 
nium bromide exposed to microemulsions [.56]. For 
the DHP films, thinning occurs during the one- or 
two-day exposures to Mb solutions necessary to 
incorporate the protein. In this case, the eventual 
inclusion of Mb seems to stabilize the films. as also 
found for other surfactants [5]. 

As in films of other surfactants [5,18-201, elec- 
tron transfer between the electrode and Mb is greatly 
facilitated in PC and DHP films. While reversible 
electron transfer was observed in both types of films, 
no evidence for electron transfer was found at PG 
electrodes in ultrafiltered Mb solutions (Fig. 3 and 
Fig. 3). In fact. direct electron transfer between Mb 

in solution and PG has been observed only in ex- 
tremely pure Mb solutions [18], and it is much 
slower than that reported here. 

The ideal Laviron model did not fit voltammetric 
data for Mb-PC and Mb-DHP films. This was 
shown by the dependence of the estimated rate con- 
stant on scan rate (Table 1). and also by the unsym- 
metric shift of oxidation and reduction peak poten- 
tials as scan rate increased (Fig. 6). The Laviron 
model predicts symmetric shifts of these two peaks 
in opposite directions as scan rate increases [30.3 I]. 
A similar model [34] failed to fit square wave 
voltammograms of the films (Fig. 7). 

An extension of the SWV model for surface-con- 
fined redox centers assuming a distribution of redox 
centers with slightly different E”’ values gave excel- 
lent fits to the data for pulse heights 2 50 mV and 
frequencies of 50-200 Hz (Fig. 8 and Fig. IO). 
Models using 7 to 10 redox classes gave similar 
results (Fig. 8 and Fig. 9). The success of this model 
suggests a distribution of Mb molecules in the films 
with slightly different redox properties. 

The E”‘-dispersion model is a definite improve- 
ment over the simple Laviron or single-E”’ models 
for electrochemistry of protein-lipid films. However, 
poorer results at pulse heights < SO mV suggest that 
further refinements may be necessary to generalize 
the model for these films. It is relevant that for noisy 
theoretical data we observed fitting results at pulse 
heights < SO mV that were consistent with those at 
larger pulse heights. This suggests that the problem 
lies in fully describing the experimental system. and 
not in the mathematical procedures. At the same 
time. we conclude that analysis of SWV results at 
pulse heights > 50 mV with the l:“‘-dispersion 
model gives an adequate description of the electron 
transfer kinetics in protein-lipid films as evidenced 
by the quality of fits (Fig. 10). 

The average E”’ values of Mb in the PC and 
DHP films found from the analysis of SWV data 
were similar to those obtained from CV (Table 3). 
For films in solutions close to pH 7. the E”’ values 
are 13S- 1.50 mV more negative than the E”’ of SO 
mV vs. NHE for Mb dissolved in pH 7 solution [S7]. 
In films of the cationic surfactant didndecyldimeth- 
ylammonium bromide (DDAB). E”’ at pH 7 was 34 
mV [%I. In general, the E”’ values of Mb in such 
films show ;I dependence on the type of lipid [20], 
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suggesting the influence of protein-lipid interactions 
and/or double-layer effects [25] of the lipid on the 
electrode potential felt by the redox center. 

Electron transfer rate constants found by SWV 
(Table 2) were S-fold greater in PC films and 20-fold 
greater in DHP films than the value of 4 SK’ in thin 
films of DDAB stabilized with the ionomer Nafion 
[59]. DHP films contain about 7-fold less electroac- 
tive protein than the PC films. This may be because 
the PC’s are in the lamellar liquid crystal phase at 
room temperature, while DHP is in the gel state [21]. 
In the latter solid-like phase, it is more difficult for 
the film to accumulate protein [20]. 

Supramolecular structures of Mb-PC and Mb- 
DHP films were previously characterized by ESR 
anisotropy, linear dichroism, and thermal phase tran- 
sition studies [21]. In pH 5.5-7.5 buffers, Mb retains 
its native conformation and is specifically oriented in 
these films. The average orientation of the heme 
plane to the film normal was 60 + 2”. The obser- 
vance of gel-to-liquid crystal phase transitions of 
these films similar to those of bilayer vesicle disper- 
sions of the same surfactants suggested that surfac- 
tants in the films are arranged in bilayers similar to 
those in lipid membranes. 

4.2. Dependence of Mb electron transfer on pH in 
PC films 

The dependence of E” and CV peak shape on pH 
indicates that Mb within the films is sensitive to the 
pH of the contacting buffer solutions. The -60 
mV/pH shift in E”’ between pH 5 and 11 (Fig. 12) 
indicates [50,51] that a single protonation accompa- 
nies electron transfer between the electrode and the 
heme Fe(III) of aquometmyoglobin. The voltamme- 
try of Mb in the PC films is thus the result of 

MbFe( III) + e- + H+ + MbFe( II) (9) 

The pH-independent region of the E“’ plot at 
pH < 4.6 suggests that the electroactive center is 
already protonated, and corresponds to the pH range 
in which the protein is partly unfolded [47-49,52- 
551. The Soret band shifts blue in PC films and 
vesicle dispersions (Fig. 13) in this pH range, also 
reflecting partial unfolding [49]. 

NMR studies of horse and sperm whale myo- 
globin [49,60] showed that distal and proximal his- 
tidines are protonated between pH 4.3 and 5, along 
with four other histidines. The bond between the 
iron-bound proximal histidine and MbFe(II1) may be 
broken [60,61] below pH 5. It is possible that the 
protonation coupled to electron transfer in the films 
at pH 5-l 1 involves the proximal and/or distal 
histidine, with an accompanying conformational 
change [49,60], prior to electron transfer. At pH < 
4.6, a protonated, partly unfolded Mb appears to 
accept electrons directly. Further details of the mech- 
anism of electron transfer to Mb in films of PC and 
DDAB will be discussed in a separate paper [58]. 

4.3. Catalysis of trichloroacetic acid reduction 

Voltammetric data for the Mb-PC films in solu- 
tions containing trichloroacetic acid (Fig. 14) demon- 
strate electrochemical catalytic reduction of the acid. 
This reductive dechlorination was investigated in 
detail in Mb-DDAB films [22]. MbFe(I1) created by 
injection of electrons from the electrode reacts with 
trichloroacetic acid which has entered the film, giv- 
ing dichloroacetic acid as the initial product. Thus, 
Mb-PC films can mimic the enzyme action of mem- 
brane-bound cytochrome P450 in anaerobic environ- 
ments [13-151. 

5. Summary 

Mb forms stable thin films with pure phosphatidyl 
cholines or DHP, giving reversible electron transfer 
with electrodes. The PC films are lamellar liquid 
crystalline at room temperature and incorporate much 
more protein than the DHP films, which are in the 
gel state. 

A model assuming thin-layer electrochemical be- 
havior with a distribution of slightly different elec- 
troactive sites successfully fit the square wave 
voitammetric data. The pH dependence of formal 
potentials of Mb in the PC films suggests that proto- 
nation and possibly conformational change, accom- 
panies electron transfer to MbFe(II1) between pH 5 
and 11. Mb in PC films was used to catalyze the 
reduction of trichloroacetic acid. 
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