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Abstract

A novel hemoglobin (Hb)-coated polystyrene (PS) latex bead film was deposited on pyrolytic graphite (PG) electrode

surface. In the first step, positively charged Hb molecules in pH 5.0 buffers were adsorbed on the surface of negatively charged,

500 nm diameter PS latex beads bearing sulfate groups by electrostatic interaction. The aqueous dispersion of Hb-coated PS

particles was then deposited on the surface of PG electrodes and, after evaporation of the solvent, Hb-PS films were formed.

The Hb-PS film electrodes exhibited a pair of well-defined, quasi-reversible cyclic voltammetric (CV) peaks at about �0.36 V

vs. SCE in pH 7.0 buffers, characteristic of Hb heme Fe(III)/Fe(II) redox couples. Positions of Soret absorption band of Hb-PS

films suggest that Hb retains its near-native structure in the films in its dry form and in solution at medium pH. The Hb in PS

films was also acted as a catalyst to catalyze electrochemical reduction of various substrates such as trichloroacetic acid (TCA),

nitrite, oxygen and hydrogen peroxide.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction or enzymes may provide a working model for the
Thin protein films have attracted a great interest

among researchers because of their broad application

in biotechnology such as biosensing, bioseparation,

immunoassay, diagnostics and catalysis [1–3]. In

recent years, redox protein films modified on elec-

trode surface have been developed to achieve direct

electron transfer of proteins with underlying electro-

des [4,5]. Direct electrochemistry of redox proteins
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mechanistic study of electron transfer between

enzymes in biological systems, and serve as a basis

for fabricating new kinds of electrochemical biosen-

sors, enzymatic bioreactors and biomedical devices

by removing the requirement of chemical mediators

[6–8].

Our long-term goal is to develop various sup-

porting films on electrode surface to immobilize

redox proteins or enzymes. The proteins incorpo-

rated in the films on electrodes should exhibit

well-defined and direct electrochemical responses,

retain their native properties and enzymatic activi-

ties, and demonstrate a good stability. Successful
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examples have included cast films of proteins with

insoluble surfactants [9,10], hydrogel polymers

[11–13], biopolymers [14,15], nanoparticles [16,

17], polyelectrolyte- [18,19] or clay-surfactant [20]

composites, and films of proteins and polyions [21,

22] or clay nanoparticles [23,24] grown layer by

layer. These films facilitated direct, reversible elec-

tron transfer between the proteins and electrodes

compared to that on bare electrodes with the

proteins in solution.

Recently, the protein films assembled on planar

solid supports has been extended to submicrometer-

sized spherical latex particles or colloids by Caruso

and Mohwald [25], Caruso and Schuler [26], Lvov

and Caruso [27] and Schuler and Caruso [28]. In

this process, for example, charged proteins at ap-

propriate pH in solution was adsorbed in alteration

with oppositely charged polyelectrolytes on the

surface of polystyrene (PS) latex beads, forming a

monolayer or multilayer protein shell. This orga-

nized protein shell on colloid particles demonstrated

better catalytic activity and stability, and showed a

promising applicability as a new class of bioreactors

[25–28].

Stimulated and aroused by the works of Caruso

et al., we are now trying to construct the redox

protein shell on the surface of colloid particles, and

then assemble the protein-coated particles onto elec-

trode surface. We expect that the proteins in this

new kind of films would exhibit good direct elec-

trochemistry and electrocatalytic properties, and re-

tain their native structure. The present work is our

first attempt in this direction. In this report, posi-

tively charged hemoglobin (Hb) at pH 5.0 was first

adsorbed on the surface of 500 nm diameter PS

latex particles carrying negatively charged groups on

their surface through electrostatic interaction, and

the aqueous dispersion of Hb-coated PS latex par-

ticles was then deposited on the surface of pyrolytic

graphite (PG) electrodes. These unique PS particle

films provided a favorable microenvironment for

Hb, and enhanced the direct, reversible electron

transfer between Hb and underlying PG electrodes.

Electrochemical catalytic reductions of various sub-

strates of environmental or biological significance

were also observed at Hb-PS film electrodes, indi-

cating the potential applicability of the films as

biosensors or bioreactors.
2. Experimental

2.1. Reagents

Bovine hemoglobin (Hb, MW 66,000, 90%) was

from Shanghai Lizhu Dongfeng Biotechnology and

used as received without further purification. Polysty-

rene latex beads (diameter 500 nm) bearing negatively

charged sulfate groups on their surface supplied as an

aqueous suspension (solid contents 2.5%) were pur-

chased from Sigma. Trichloroacetic acid (TCA) was

from Beijing Dongjiao Chemicals; sodium nitrite was

from Beijing Sanhuan Chemicals; and hydrogen per-

oxide (H2O2, 30%) was from Beijing Chemical En-

gineering Plant. All other chemicals were of analytical

grade. The supporting electrolyte was usually 0.05 M

potassium dihydrogen phosphate buffers at pH 7.0

containing 0.1 M KBr. Other buffers were 0.1 M

sodium acetate, 0.1 M boric acid or 0.1 M citric acid,

all containing 0.1 M KBr. The pHs of buffers were

regulated with HCl or NaOH solutions. Solutions

were prepared with twice distilled water.

2.2. Assembly of Hb on PS latex particles

A total of 2.5 Al of 2.5% PS aqueous suspension

(about 109 PS particles) was added to a centrifuge

tube containing 1 ml of 1 mg ml�1 Hb in pH 5.0

buffers. With the isoelectric point at pH 7.4 [29], Hb

was positively charged at pH 5.0 and would adsorb on

the surface of negatively charged PS latex particles by

electrostatic attraction. The dispersion was kept at 4

jC for 4 h with occasional stir so that the adsorption

equilibrium of Hb on PS beads was obtained. The

dispersion was then centrifuged at 10,000 rpm for 6

min to separate the beads with the supernatant. The

supernatant containing the unadsorbed Hb was dis-

carded. In the next washing step, 1 ml of pure water

was added into the tube and mixed with the Hb-coated

PS latex beads, designated as Hb-PS. After the Hb-PS

particles were redispersed in water by gentle shaking,

centrifugation was performed again and the superna-

tant was discarded. This redispersion/centrifugation/

discarding cycle was repeated two additional times to

ensure removal of all free or unadsorbed Hb from the

PS particles. After being washed thoroughly, the Hb-

PS beads were dispersed in 200 Al of pH 5.0 buffers

and the dispersion was stored in refrigerator at 4 jC.
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2.3. Deposition of Hb-PS films on electrodes

Prior to use, basal plane PG (Advanced Ceramics,

geometric area 0.16 cm2) disk electrodes were pol-

ished with metallographic sandpapers of 1200 grit

while being flushed with water. Electrodes were then

ultrasonicated in pure water for 30 s. Typically, 8 Al of
the prepared Hb-PS dispersions were cast onto a

freshly polished PG electrode. A small bottle was fit

tightly over the electrode to serve as a closed evapo-

ration chamber for several hours so that the water was

evaporated slowly and more uniform films were

formed. The Hb-PS films were then dried in air

overnight.

2.4. Instrumentation and procedure

UV–vis absorption spectroscopic measurements of

Hb-PS films on quartz slides were performed with a

Cintra 10e UV–visible spectrophotometer (GBC).

Prior to use, the quartz slides were pretreated by

ultrasonication in a washing solution (1% KOH+

49% ethanol+50% water) for 15 min, and then care-

fully rinsed with water. Hb-PS films were prepared by

depositing the dispersion of Hb-PS particles onto the

slides and then being dried overnight in air.

Cyclic voltammetry (CV) and square wave voltam-

metry (SWV) were performed using a CHI 660A

electrochemical workstation (CH Instruments). A

three-electrode cell was used where a PG disk coated

with Hb-PS films acted as working electrode, a

platinum flake as counter electrode, and a saturated

calomel electrode (SCE) as reference electrode. Vol-

tammetries of Hb-PS films were performed in buffers

containing no Hb. Buffers were purged with highly

purified nitrogen for about 20 min before a series of

experiments. A nitrogen environment was then main-

tained in the cell by continuously bubbling N2 during

the whole experiment. In the CVexperiments with O2,

measured volumes of air were injected through solu-

tion via a syringe in a sealed cell, which had been

previously degassed with purified nitrogen. All

experiments were performed at room temperature of

18F2 jC. The Hb-PS film electrodes were stored in

the refrigerator at 4 jC when they were not used.

Electrophoretic mobility of bare PS latex beads and

Hb coated PS particles was measured in water with a

Nicomp 380/ZLS zeta-potential analyzer (Particle
Sizing Systems). The electrophoretic mobility (u) of

charged particles was determined by measuring the

Doppler shift in frequency of light scattered from the

moving particles in an applied electric field. The zeta-

potential (f) was then calculated from the electropho-

retic mobility by using the Smoluchowski relation

f=ug/e, where g and e are the viscosity and permit-

tivity of the solution, respectively.
3. Results and discussion

3.1. Adsorption of Hb on PS latex particles

The adsorption of Hb on PS latex beads was

confirmed by zeta-potential or electrophoretic mobil-

ity measurements. The negatively charged PS par-

ticles showed a zeta-potential at �20.3 mV in water.

When the positively charged Hb was adsorbed on the

PS surface, the zeta-potential increased to about

�10.0 mV. Ideally, when positively charged Hb is

the outermost layer, a positive zeta-potential would be

expected. However, the measured zeta-potential of

Hb-PS beads was negative. The reason for this is

not very clear yet, but the similar situation was

observed for the HRP/PSS (horseradish peroxidase/

poly(styrenesulfonate)) system when the (HRP/PSS)n
films were layer-by-layer assembled on PS particle

surface [26]. Nevertheless, the positive shift of the

zeta-potential is a qualitative evidence for the adsorp-

tion of Hb on PS surface.

The adsorption of Hb on PS latex particles was also

followed indirectly by UV–vis spectroscopy. The

Soret absorption band of Hb at 406 nm was measured

for the initial (standard) Hb solution at pH 5.0 before

the PS particles were added (Fig. 1a). After the

addition of PS beads into the Hb solution and the

completion of adsorption, the Soret band was mea-

sured again for the supernatant (Fig. 1b). In a series of

washing steps with the same volume of water, UV–

vis spectroscopic measurements were also conducted

for the supernatants (Fig. 1c–e). The results showed

that, after three cycles of redispersion/centrifugation/

discarding steps, the amount of free or unadsorbed Hb

in the supernatant was very limited and could not even

be detected (Fig. 1e). The amount of adsorbed Hb on

the PS latex particle surface was then determined by

subtracting the absorbance at 406 nm of the super-



Fig. 1. UV–vis absorption spectra of (a) initial Hb solution, (b)

supernatant after adsorption equilibrium of Hb on PS beads was

reached, (c) supernatant after the first time of washing, (d)

supernatant after the second time of washing and (e) supernatant

after the third time of washing. Each solution has volume of 1 ml,

respectively.

Fig. 2. UV–vis absorption spectra of films on quartz for (a) dry

Hb-PS films, (b) dry Hb films and Hb-PS films in different pH

buffer solutions: (c) pH 5.0, (d) pH 7.0, (e) pH 9.0, (f) pH 10.0,

(g) pH 3.0.
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natants (Fig. 1b–d) from that of the initial Hb solution

(Fig. 1a). From the difference in these spectra, it was

estimated that about 10% of the total Hb in solution

were adsorbed on the PS spheres. The color of PS

beads became light red after adsorption of Hb, which

was observed by naked eyes, also indicating the

formation of Hb layer on the PS latex particle surface.

These results suggest that the electrostatic attraction

between positively charged Hb at pH 5.0 and nega-

tively charged PS particles is quite strong, and the

adsorption of Hb on PS particle surface is very stable,

since the adsorbed Hb on the PS particle surface can

withstand several cycles of water washing.

3.2. Conformational studies

The Soret absorption band of heme proteins may

provide information on the protein denaturation, and it

is especially sensitive to the conformational change in

the heme region [30,31]. UV–visible spectroscopy

was therefore used to observe the position change of

Soret band for Hb-PS films. Both dry Hb-PS and Hb

films cast on quartz slides showed Soret band at 412

nm (Fig. 2a,b), suggesting that Hb adsorbed on the

surface of PS latex particles has a structure nearly the

same as the native state of Hb. When the films were

immersed into buffer solutions at pH between 5.0 and

10.0, the Soret band also appeared at 412 nm (Fig.

2d–f), the same as that of dry Hb and Hb-PS films,
indicating that Hb coated on PS latex particles essen-

tially retain its native state in buffers at medium pH.

When pH was changed toward more acidic or more

basic direction, the Soret band showed a blue-shift

and some distortion. At pH 3.0, for example, the peak

shifted to about 390 nm and became shape-distorted

(Fig. 2g), suggesting considerable denaturation of Hb

in PS films at this relatively acidic pH.

3.3. Cyclic voltammetry of Hb-PS films

When Hb-PS film electrodes were placed into pH

7.0 buffers free of Hb, after several CV scans, a pair

of well-defined, quasi-reversible CV peaks at about

�0.36 V vs. SCE was observed (Fig. 3b). The peak

pair was attributed to the heme Fe(III)/Fe(II) redox

couples of Hb [32]. PS films alone coated on a PG

electrode showed no CV peak in the same potential

range (Fig. 3a). The results indicate that at least parts

of Hb in Hb-PS films display electroactivity when

immobilized on the electrodes. In contrast, Hb in

buffers at pH 7.0 showed no CV peaks in the same

potential window at bare PG electrodes. Thus, the PS

latex particle films cast on electrodes must have a

great effect on the Hb electron transfer kinetics and

provide a favorable microenvironment for Hb to

transfer electrons with underlying PG electrodes,

while the exact nature of this effect is not yet very



Fig. 4. Influence of pH on formal potentials (EjV) estimated as an

average of CV reduction and oxidation peak potentials for Hb-PS

films at 0.2 V s�1.

Fig. 3. Cyclic voltammograms at scan rate of 0.2 V s�1 in pH 7.0

buffer solutions containing no Hb for (a) PS latex particles films and

(b) Hb-PS films at the steady state.
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clear. One possibility is that in the assembly of Hb on

PS sphere surface, several cycles of washing/discard-

ing steps may remove the macromolecular impurities

originally existing in Hb solution. Otherwise, the

impurities could adsorb on electrode surface and

block the electron transfer of the proteins in solution

at bare electrodes [33]. The good selectivity of PS

beads toward Hb adsorption rather than the impurities,

combined with the washing/removing steps, may

make the assembly procedure act as a purification

process.

CVs of Hb-PS films had a nearly symmetric peak

shape and approximately equal heights of reduction

and oxidation peaks. The reduction peak current

increased linearly with scan rate from 0.05 to 2 V

s�1. Integration of reduction peak at different scan rate

gave nearly constant charge (Q) values. All these are

characteristic of quasi-reversible, diffusionless or thin-

layer electrochemistry [34]. The surface concentration

of electroactive Hb in the films (C*) was estimated to

be 2.65�10�11 mol cm�2 according to the relation-

ship of Q=nAFC* [34], where n is the number of

electrons transferred for each Hb molecule (4), A is

the electrode area (0.16 cm2), F is Faraday’s constant.

Based on the Hb concentration we used (1 mg ml�1),

the fraction of Hb loaded on PS (10%) and the relative

amount of Hb-PS beads cast on electrodes (8 Al/200
Al), the surface concentration of the total amount of

Hb deposited on the electrode surface was estimated

to be 3.81�10�10 mol cm�2. Thus, the fraction of

electroactive Hb among the total Hb deposited would

be about 7%. The reason why the fraction value is
relatively very low is not clear yet and needs to be

further investigated. It may suggest rather aggregates

of Hb on PS beads, and the aggregation of Hb may

hinder the electroactivity of Hb. Nevertheless, when

the same amount of Hb (3.8�10�10 mol cm�2) was

directly cast on PG electrodes, the CV response under

the same condition was much smaller than that for

Hb-PS films, indicating a larger extent of aggregation

of Hb on PG surface and an even smaller electro-

activity fraction.

An increase in buffer pH caused a negative shift in

potentials of both CVreduction and oxidation peaks for

Hb-PS films. In general, all changes in CV peak

potentials and currents with pH were reversible be-

tween pH 5.0 and 11.0. For example, CVs for an Hb-PS

film in a pH 7.0 buffer were reproducible after immers-

ing the film in a pH 10.0 buffer and then returning it to

the pH 7.0 buffer. CV data were used to investigate the

pH effect on the formal potential (EjV), which was

estimated as the midpoint of reduction and oxidation

peak potentials. EjV had a linear relationship with pH

between pH 5.0 and 12.0 with a slope of�54mV pH�1

(Fig. 4). This slope value was reasonably close to the

theoretical value of �57.7 mV pH�1 at 18 jC for a

reversible electron transfer coupled to proton transpor-

tation with equal number of protons and electrons [35],

which could be represented by

HbhemeFeðIIIÞ þ Hþ þ e�WHbhemeFeðIIÞ

An inflection point appeared at pH 5.0 in the EjV–
pH plot. Below pH 5.0, EjV varied with pH with a

much smaller slope (Fig. 4). The position of the break
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in the EjV–pH plot suggests that the protonated site

associated with electrode reaction has an apparent pKa

value of 5.0 [9,36,37].

Long-term stability is one of the most important

features required for a biosensor. The stability of Hb-

PS films was examined by CV under two different

conditions. In the solution study, a PG electrode

coated with Hb-PS films was stored in pH 7.0 buffers

all the time and CVs were run periodically. Alterna-

tively, an Hb-PS film electrode was stored in air as its

dry form for most of the storage time and CVs were

run occasionally after placing the dry electrode in the

buffers. With both methods, the Hb-PS films showed

excellent stability. For example, after 3 weeks of

storage in buffers, the Hb-PS film electrode exhibited

no changes in CV peak potentials and a less than 10%

decrease in reduction peak height compared with the

initial steady state value.

3.4. Estimation of electrochemical parameters

SWV combined with nonlinear regression analy-

sis was used to estimate the apparent heterogeneous

electron transfer rate constant (ks) and formal poten-

tial (EjV) for the Hb-PS films. The theoretical model

used here was a combination of a surface-confined

or diffusionless SWV model [38] with a formal

potential dispersion model, as described in detail
Fig. 5. Square wave forward and reverse current voltammograms for Hb-

represent the experimental SWV from which background has been subtrac

5�EjV dispersion model. SWV conditions: pulse height 60 mV, step heig
previously [9,39]. The procedure employed nonlinear

regression analysis for background subtracted SWV

forward and reverse curves with a 5�EjV dispersion

model, as in other protein film systems [5,39]. The

analysis of SWV data for Hb-PS films showed

accuracy of fit of the model over a range of

amplitudes and frequencies. Some examples are

showed in Fig. 5. The average ks and EjV values

for Hb-PS films at pH 7.0 were estimated to be 58

s�1 and �0.35 V, respectively. The electrochemical

parameters for other Hb film systems are also listed

in Table 1 for comparison.

Considering the estimation error, the ks value of

Hb-PS films was close to that of other Hb films and

all of them were in the same order of magnitude.

Good agreement of the formal potential values was

obtained between SWVand CV methods for the same

Hb-PS films. However, the EjV value of heme

Fe(III)/Fe(II) redox couples for Hb-PS films was

different from that for other Hb films (Table 1). This

confirms a specific effect of the film environment on

EjV of heme proteins that has been reported previ-

ously [9,40]. Film components may shift the formal

potential through interaction with protein or by their

influence on the electrode double-layer. Different film

components may provide different microenviron-

ments for the same protein and influence its formal

potential [9].
PS films in pH 7.0 buffer solutions at different frequencies. Points

ted. The solid lines are the best fit by nonlinear regression onto the

ht 4 mV and frequencies (Hz): (a) 100, (b) 132, (c) 161, (d) 192.



Table 1

Apparent heterogeneous electron transfer rate constants (ks) and

formal potentials (EjV) for hemoglobin films on PG electrodes in

pH 7.0 buffers containing no Hb

Filmsa ks (s
�1) EjV/V (vs. SCE) Reference

CV SWV

Hb-PS 58F6 �0.360 �0.350 This workb

Hb-DMPC 70F9 �0.329 �0.331 [10]

Hb-PAM 45F8 �0.320 �0.312 [12]

Hb-gluten 67F8 �0.334 �0.338 [15]

Hb-CS 104F34 �0.337 �0.344 [14]

Hb-clay 31F2 �0.347 �0.360 [16]

Hb-DDAB-PSS 33F5 �0.220 �0.204 [18]

Hb-DDAB-clay 75F8 �0.309 �0.308 [20]

a DMPC=dimyristoyl phosphatidylcholine, PAM=polyacryla-

mide, CS=chitosan, DDAB=didodecyldimethylammonium bro-

mide, PSS=poly(styrene sulfonate).
b Average values for analysis of eight SWVs at frequencies of

100–200 Hz, amplitudes of 60–75 mV and a step height of 4 mV.
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3.5. Catalytic reduction of TCA and NaNO2

Electrocatalytic reactivity of Hb-PS films toward

various substrates was investigated. When TCA was

added to a pH 5.5 buffer, Hb-PS films showed an

increase in the reduction peak at about �0.4 V

(Fig. 6d) compared with that in the absence of TCA

(Fig. 6c). The increase of HbFe(III) reduction peak

was accompanied by the decrease of HbFe(II) oxida-
Fig. 6. Cyclic voltammograms at 0.2 V s�1 in pH 5.5 buffer solutions for

present, (c) Hb-PS films with no TCA present, (d) Hb-PS films with 0.02
tion peak, since HbFe(II) had reacted with TCA. The

reduction peak current increased with the concentra-

tion of TCA in solution (Fig. 6e). The direct reduction

of TCA at blank PS film electrodes was observed at

a potential of more negative than �1.0 V (Fig. 6b).

Thus, the reduction overpotential of TCA was de-

creased by at least 0.6 V. These results are character-

istic of electrochemical catalysis, where HbFe(II), the

reduction product of the electrode reaction, was oxi-

dized by TCA in a chemical reaction and returned to

HbFe(III) form, forming a catalytic cycle. In the

previous work with myoglobin-didodecyldimethylam-

monium bromide (Mb-DDAB) film electrodes [41],

TCA presumably underwent stepwise reductive de-

chlorination to ultimately become acetic acid. We

speculate that the catalytic reduction of TCA on Hb-

PS films would take the similar mechanism.

The catalytic reduction of nitrite with Hb-PS

films was also investigated by CV. When NO2
�

was added to a pH 5.5 buffer, a new reduction

wave at about �0.75 V was observed, while the Hb

Fe(III)/Fe(II) peak pair was nearly intact (Fig. 7d).

The new reduction peak current increased with the

concentration of nitrite in solution (Fig. 7e). The

direct reduction of nitrite at blank PS film electrodes

was observed at the potential of more negative than

�1.2 V (Fig. 7b). Thus, the reduction overpotential

of nitrite was decreased by at least 0.4 V. All these
(a) PS films with no TCA present, (b) PS films with 0.05 mM TCA

mM TCA present and (d) Hb-PS films with 0.05 mM TCA present.



Fig. 7. Cyclic voltammograms at 0.1 V s�1 in pH 5.5 buffers for (a) PS films with no NaNO2 present, (b) PS films with 5 mM NaNO2 present,

(c) Hb-PS films with no NaNO2 present, (d) Hb-PS films with 5 mM NaNO2 present, (e) Hb-PS films with 10 mM NaNO2 present.
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are characteristic of catalytic reduction of NO2
�.

Similar behavior of electrocatalytic reduction of

nitrite was also observed in other Hb films

[14,22]. For Hb-PS films, the catalytic CV reduction

peak of nitrite had a linear relationship with NO2
�

concentration in the range of 6–16 mM with a

detection limit of 1 mM and a correlation coefficient

of 0.999.
Fig. 8. Cyclic voltammograms at 0.2 V s�1 in 10 ml of pH 7.0 buffers for (a

injected into a sealed cell, (c) Hb-PS films with no oxygen present, (d) Hb-

ml of air was injected.
3.6. Catalytic reactivity toward O2 and H2O2

Electrocatalytic reduction of dioxygen in solution

by Hb-PS films was examined by CV (Fig. 8). When

a certain volume of air was passed through a pH 7.0

buffer by a syringe, a significant increase in reduc-

tion peak at about �0.4 V was observed for Hb-PS

films (Fig. 8d). This increase in HbFe(III) reduction
) PS films with no oxygen present, (b) PS films after 30 ml of air was

PS films after 30 ml of air was injected and (e) Hb-PS films after 60
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peak was accompanied by the disappearance of

HbFe(II) oxidation peak, because HbFe(II) had

reacted with oxygen. An increase in the amount of

oxygen in solution increased the reduction peak

current (Fig. 8e). For PS films with no Hb adsorbed,

the peak for direct reduction of oxygen was observed

at about �0.8 V (Fig. 8b), at least 0.4 V more

negative than the potential of the catalytic peak. The

catalytic efficiency expressed as the ratio of reduc-

tion peak current of HbFe(III) in the presence (Ic)

and absence (Id) of oxygen, Ic/Id, decreased with an

increase of scan rate (Fig. 9), also characteristic of

electrochemical catalytic reduction [42]. With the

lower scan rate, the catalytic reaction cycle with a

fixed reaction rate would have more time to repeat,

leading to a higher number of catalytic cycles. Thus,

compared with the faster scan rate, the lower scan

rate would increase the ratio of Ic/Id. For Hb-PS film

system, the catalytic efficiency at 0.2 V s�1 for

oxygen (6.0) is much larger than that of Hb-

PAMAM (3.6) [43] and Hb-CS (4.6) [14] films at

the same scan rate, indicating that this new kind of

protein films may have a potential perspective in

electrochemical catalysis and biosensing.

The mechanism of electrocatalytic reduction of

oxygen at Mb-DDAB film electrodes was studied

previously [44]. The electrochemical reduction of

MbFe(III) to MbFe(II) in DDAB films occurred at

the electrode, followed by a fast reaction of MbFe(II)
Fig. 9. Influence of scan rate on catalytic efficiency, Ic/Id, for Hb-PS film

reduction peak current in buffers with 60 ml of air injected and Id is the C
with oxygen, forming MbFe(II)-O2. This chemical

reaction product then underwent electrochemical re-

duction at the potential of MbFe(III) reduction, pro-

duced hydrogen peroxide and MbFe(II) again, thus

forming a catalytic cycle. Although the mechanistic

issue concerning catalytic reduction of O2 at Hb-PS

film electrodes is beyond the scope of the current

work, we believe that it would be similar to that for

Mb-DDAB films.

The catalytic activity of the Hb-PS films toward

hydrogen peroxide was also investigated. Compared

with the CV in the absence of H2O2 at a pH 7.0 buffer

(Fig. 10c), an obvious increase in the reduction peak

at about �0.4 V was observed after H2O2 was added

(Fig. 10d). The increase of reduction peak current was

accompanied by the disappearance of the oxidation

peak. The reduction peak current increased with the

concentration of H2O2 in solution (Fig. 10e). Howev-

er, direct reduction of H2O2 at blank PS film electro-

des was not observed (Fig. 10b). The catalytic

reduction of H2O2 at Hb-PS film electrodes could be

used to determine H2O2 concentration in solution by

CV. The reduction peak had a linear relationship with

H2O2 concentration in the range of 6.6–130 AM with

a detection limit of 2 AM.

At Hb-PS film electrodes, the position of catalytic

reduction peak potential of hydrogen peroxide was

almost the same as that of oxygen (Figs. 8 and 10),

indicating the similarity of the reaction mechanism
electrode in 10 ml of pH 7.0 buffer solutions, where Ic is the CV

V reduction peak current in buffer without oxygen.



Fig. 10. Cyclic voltammograms at 0.2 V s�1 in pH 7.0 buffers for (a) PS films with no H2O2 present, (b) PS films with 0.025 mM H2O2 present,

(c) Hb-PS films with no H2O2 present, (d) Hb-PS films with 0.005 mM H2O2 present, (e) Hb-PS films with 0.025 mM H2O2 present.
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between the two systems. The exact mechanism of

catalytic reduction of hydrogen peroxide on Hb-PS

films is not yet clear and beyond the scope of the

present study. However, it is probably similar to that of

horseradish peroxide-Eastman AQ (HRP-AQ) film

system [45], since Hb and HRP are all heme proteins

and have similar electrochemical properties. In HRP-

AQ film system, the oxidation product of HbFe(III) by

H2O2 could be also reduced by H2O2, and producing

native HbFe(III) again andO2. It is the production of O2

that makes the electrocatalytic CV behavior of H2O2

similar to that of O2 at HRP-AQ film electrodes.
4. Conclusions

The positively charged hemoglobin at pH 5.0 can be

adsorbed on the negatively charged surface of polysty-

rene latex beads mainly by electrostatic attraction

between them. Hb retains its near native structure in

Hb-PS films in its dry form and in the medium pH

range. The procedure of adsorption/washing steps in

the assembly of Hb-PS particles acts like a purification

process and removes the impurities existing in Hb

solution. This may greatly contribute to the good

electroactivity of Hb in PS films. The stable Hb-PS

films also demonstrate good electrocatalytic properties

toward different substrates of environmental or biolog-

ical significance. This novel approach that combines
the assembly of protein shells on colloid particles with

the fabrication of protein-coated particle films on

electrodes may provide a new promising method to

realize the direct electrochemistry of proteins. This

kind of protein films may also provide a perspective

possibility as the new type of biosensors based on

direct or mediator-free electrochemistry of proteins.
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