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Abstract

A novel core–shell protein nanocluster film, designated as clay–(Hb/PSS)n, was fabricated on pyrolytic graphite (PG) electrodes.

Positively charged hemoglobin (Hb) at pH 5.5 and negatively charged poly(styrenesulfonate) (PSS) were first assembled layer by

layer on surface of clay nanoparticles from their solutions mainly by electrostatic attraction, forming a core–shell nanocluster

structure in which clay nanoparticles were the ‘‘cores’’ and (Hb/PSS)n multilayers were the ‘‘shells’’. The aqueous dispersion of clay–

(Hb/PSS)n nanoclusters was then cast on surface of PG electrodes, forming clay–(Hb/PSS)n nanocluster films after evaporation of

solvent. Hb in clay–(Hb/PSS)n films exhibited a pair of well-defined and 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. Compared with other Hb-containing clay films,

clay–(Hb/PSS)n films displayed smaller CV peak separation (DEp), indicating the better electrochemical reversibility of Hb in these

nanocluster films. The partially ordered structure of the films was characterized by X-ray diffraction (XRD) experiments. UV–VIS

and reflection absorption infrared (RAIR) spectroscopy suggests that Hb retains its near-native structure in clay–(Hb/PSS)n films.

Oxygen, hydrogen peroxide, and nitrite were catalytically reduced at clay–(Hb/PSS)n film electrodes, showing the potential

applicability of the films as the new type of biosensors or bioreactors based on protein direct electrochemistry. The electrochemical

and electrocatalytic activity of the films could be tailored by controlling the number of bilayers of the (Hb/PSS)n shells on the

surface of clay nanoparticle cores.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Since 1990s, the direct electrochemistry of redox

proteins in thin films modified on electrode surface has

aroused increasing interest among researchers for their

theoretical significance and perspective application in

electrochemical biosensors and bioreactors [1–4]. The thin

films may provide a suitable microenvironment for the

proteins and enhance the direct electron transfer between

the proteins and underlying electrodes [5,6]. Recently,

layer-by-layer assembly based on alternate adsorption of
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oppositely charged polyions from their solutions has also

been used to build up ultrathin protein films [7,8]. One of

the advantages of layer-by-layer assembly over the cast

method is the precise control of film composition and

thickness at molecular level or in nanometer size. The

direct electrochemistry of proteins in layer-by-layer films

has also been studied. For example, Lvov et al. [9]

constructed layer-by-layer films of myoglobin (Mb) or

cytochrome P450cam (Cyt P450) with oppositely charged

DNA or poly(styrenesulfonate) (PSS) on gold electrodes.

Reversible cyclic voltammograms of Mb and Cyt P450 in

these films were achieved. We reported the assembly of

layer-by-layer films of heme proteins with various polyions

or nanoparticles on pyrolytic graphite (PG) electrodes [10–

16]. Direct and reversible voltammograms of the proteins
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in these films were observed and used to electrocatalyze

various substrates. The protein layer-by-layer films assem-

bled on planar solid supports have also been extended to

curved surfaces of submicrometer-sized particles or nano-

meter-sized colloids [17–19], forming ‘‘core–shell’’ clus-

ters where the small particles are ‘‘cores’’ and the

multibilayer {protein/polyion}n films assembled on the

core surface are ‘‘shells’’. In our laboratory, the core–shell

clusters with heme protein shells assembled on polystyrene

latex or silica nanoparticle cores were further cast or

assembled layer by layer on PG electrodes [20–22], and

the direct electrochemistry of the proteins in these films

was realized. The electrochemical and electrocatalytic

activity of the proteins in these core–shell cluster films

could be tailored by controlling the number of bilayers of

the shells.

Clays are stable aluminosilicates with high cation-

exchange capacity, and exfoliated clay particles have a

platelet shape with nanoscopic size [23]. Compared with

organic polyelectrolytes, clay has the advantages of high

chemical stability, good adsorption property due to its

appreciable surface area, special structural feature, and

unusual intercalation property. The interaction of proteins

with clay has been studied extensively, and the direct

electrochemistry of redox proteins such as hemoglobin

(Hb), cytochrome c (Cyt c), horseradish peroxidase (HRP),

and Mb in clay-related films has also been reported [24–

34]. For example, our group has studied the electrochemical

and electrocatalytic properties of heme proteins in cast

protein–clay films and layer-by-layer {clay/proteins}n films

modified on PG electrodes [32–34].

In the present work, the strategy of construction of the

protein core–shell nanocluster films was extended to clay

nanoparticles, and this new kind of clay films was used to

immobilize Hb and realize its direct electrochemistry.

Oppositely charged hemoglobin (Hb) and PSS were first

assembled layer by layer on the surface of clay nanopar-

ticles, forming core–shell clay–(Hb/PSS)n nanoclusters.

The nanoclusters were then cast on PG electrodes, forming

clay–(Hb/PSS)n films. The construction of the clay–(Hb/

PSS)n nanoclusters and the clay–(Hb/PSS)n films were

characterized by UV–VIS spectroscopy, cyclic and square

wave voltammetry, X-ray diffraction (XRD), scanning

electron microscopy (SEM), and reflection absorption

infrared spectroscopy (RAIR). The feasibility of the

protein films in electrochemical catalysis toward various

substrates of biological or environmental significance was

also studied. To the best of our knowledge, while the

direct electrochemistry of Hb in different types of clay

films was reported previously, the direct electrochemistry

of Hb in this new type of core–shell nanocluster films

concerning clay nanoparticles has not been studied until

now. We expected that Hb in clay–(Hb/PSS)n films would

demonstrate some unique and better properties in voltam-

metry and electrocatalysis than in other Hb-containing clay

films.
2. Materials and methods

2.1. Reagents

Bovine hemoglobin (Hb, MW 67,000), bovine liver

catalase (MW 240,000) and hemin (MW 651.96) were all

from Sigma and used as received. Poly(sodium styrenesul-

fonate) (PSS, MW¨70,000) was from Aldrich. Montmo-

rillonite clay was obtained from Source Clay Minerals

Repository. Hydrogen peroxide (H2O2, 30%) was from

Beijing Chemical Plant, and sodium nitrite (NaNO2) was

from Beijing Shuanghuan Chemical Reagent. Both H2O2

and NaNO2 were freshly prepared before being used. All

other chemicals were reagent grade.

Buffers were 0.05 M citric acid, 0.1 M sodium acetate,

0.05 M sodium dihydrogen phosphate, or 0.05 M boric acid,

all containing 0.1 M KBr. Buffer pH was adjusted with HCl

or KOH solutions. All solutions were prepared with twice-

distilled water. Experiments were carried out at room

temperature (20T2 -C).

2.2. Pretreatment of clay

Before being used, clay was pretreated in the similar

way as described in literature [35]. In brief, 5 g of clay

was suspended in 100 mL of 1 M NaCl solution with

energetic stirring for at least 48 h. The slurry was then

centrifuged at 3000 rpm for 40 min. After the supernatant

was discarded, 50 mL of pure water was added into the

clay precipitation. After moderate stirring for 40 min, the

clay colloid was centrifuged, and the supernatant contain-

ing smaller clay particles was collected. Another 50 mL of

pure water was added into the remaining clay sediment,

stirred for 40 min, and centrifuged again. This cycle was

repeated several times and all supernatants were collected.

The supernatant was then dialyzed in pure water until no

Cl� was detected with AgNO3. After the supernatant was

vacuum lyophilized, the solid clay precipitation was

obtained. Transmission electron microscopy (TEM)

showed that most of the clay particles took a round

platelet shape with diameter in the range of 50–70 nm

with average 60 nm, indicating that the clay particles

obtained by this pretreatment were nanometer-sized.

2.3. Assembly of clay–(Hb/PSS)n core–shell nanoclusters

Clay–(Hb/PSS)n nanoclusters were assembled with two

main steps. In the first step, 2 mL of aqueous dispersions of

clay (3 mg mL�1, pH 5.5) were mixed with 2 mL of Hb

solution (3 mg mL�1) at pH 5.5 in a centrifuge tube for 25

min with occasional shaking so that Hb could be adsorbed

on the surface of clay nanoparticles. The mixture was then

centrifuged at 6000 rpm for 6 min to separate the Hb-coated

clay nanoparticles from the supernatant. After the superna-

tant was discarded, the clay–Hb particles were redispersed

in 4 mL of pH 5.5 buffers for washing. The dispersion was
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then centrifuged again, and the supernatant was discarded.

This redispersion/centrifugation cycle was repeated two

additional times to ensure removal of all unadsorbed Hb

from clay–Hb particles. In the second step, 2 mL of PSS

solution (3 mg mL�1) was added into the tube containing

clay–Hb particles, and was mixed for 25 min. The PSS was

then adsorbed onto the surface of the clay–Hb particles.

After several washing cycles, the clay–(Hb/PSS) core–shell

nanoclusters were collected. These two steps were repeated

several times until the desired number of shell bilayers (n)

was reached. In the present work, core–shell nanoclusters of

clay–(Hb/PSS) with n =1 and clay–(Hb/PSS)2 with n =2

were assembled, respectively, and their dispersions in pH

5.5 buffers were stored at 4 -C for further use.

2.4. Preparation of clay–(Hb/PSS)n films on electrodes

Prior to coating, basal plane pyrolytic graphite (PG,

Advanced Ceramics, geometric area 0.16 cm2) disk electro-

des were polished freshly with metallographic sandpapers

while flushing with water, ultrasonicated in water for 30 s,

and then dried in air. Ten microliters of clay–(Hb/PSS)n
dispersions were cast onto the surface of PG electrodes. A

small bottle was fit tightly over the electrode so that water

could be evaporated slowly and more uniform films were

formed. After about 12 h of drying, the clay–(Hb/PSS)n
films were further dried overnight in air.

2.5. Instruments and procedures

A CHI 660A electrochemical analyzer (CH Instruments)

was used for cyclic and square wave voltammetry. In

electrochemical measurements, a regular three-electrode cell

was used with a saturated calomel electrode (SCE) as the

reference, a platinum wire as the counter electrode, and a PG

disk electrode coated with films as the working electrode.

Voltammetry at clay–(Hb/PSS)n film electrodes was per-

formed in buffers containing no Hb. Prior to measurements,

buffer solutions were purged with purified nitrogen for at

least 15 min, and then the nitrogen was bubbled gently

through the solutions for exclusion of oxygen during the

whole experiment. In aerobic experiments, measured

volumes of air were injected into solutions via a syringe

in a sealed cell, which had been previously degassed with

nitrogen.

UV–VIS absorption spectroscopy was measured with a

Cintra-10e UV–VIS spectrometer (GBC). Sample films for

spectroscopy were prepared by depositing clay–(Hb/PSS)n
dispersions onto quartz slides and drying in air. Reflection

absorption infrared (RAIR) spectra of the films were

obtained by a Vatar 360 FT-IR (Nicolet) spectrometer with

a DTGS detector at 4 cm�1 resolution. Films were prepared

by depositing clay–(Hb/PSS)n dispersions onto aluminum

disks. Transmission electron microscopy (TEM) image was

taken with an H 600 TEM instrument (Hitachi) operating at

100 kV. X-ray diffraction (XRD) was done for films on
glass slides with a D/MAX-RB powder diffractometer

(Rigaku) using a Cu Ka source at 40 kV and 120 mA with

scan rate of 1- min�1. Scanning electron microscopy (SEM)

was run with an X-650 scanning electron microanalyzer

(Hitachi) at an acceleration voltage of 20 kV. Prior to SEM

analysis, the films were coated with about 10 nm of Au by

an IB-3 ion coater (Eiko).
3. Results and discussion

3.1. Assembly of clay–(Hb/PSS)n nanoclusters

With its isoelectric point at pH 7.4 [36], Hb is positively

charged at pH 5.5. Thus, Hb was adsorbed on the surface of

negatively charged clay platelets mainly by electrostatic

interaction. Polyanionic PSS was then adsorbed on the

surface of clay–Hb, forming a core–shell clay–(Hb/PSS)

structure. This layer-by-layer assembly procedure was

repeated several cycles to construct clay– (Hb/PSS)n
nanoclusters. The growth of (Hb/PSS)n shells on the surface

of clay cores was followed indirectly by UV–VIS spec-

troscopy. Taking adsorption of the first Hb layer on the clay

particles as an example, the sensitive Soret adsorption band

of Hb at 405 nm was measured for the initial protein

solution at pH 5.5 before it was mixed with clay colloids.

After the adsorption of Hb on clay surface was saturated, the

Soret band of Hb was measured again for the supernatant. In

the following washing steps, UV–VIS spectroscopic

measurements were conducted for the supernatants. The

results showed that after 3 cycles of redispersion/centrifu-

gation steps, the amount of free or unadsorbed Hb in the

supernatant was very limited and the Soret band could not

be detected by UV–VIS spectroscopy. Ignoring the loss of

clay nanoparticles in the whole adsorption process, the ratio

of adsorbed Hb on clay surface over the total Hb in the

initial adsorbate solution was estimated to be 49% for the

first bilayer adsorption and 38% for the second bilayer

adsorption by subtracting the Soret peak absorbance of

several supernatants from the initial absorbance of Hb with

volume adjustment. The amount of adsorbed Hb on the clay

surface was approximately 0.40 (mg Hb/mg clay) for the

clay–(Hb/PSS) nanoclusters and 0.70 (mg Hb/mg clay) for

the clay–(Hb/PSS)2 nanoclusters. The adsorbed Hb on the

clay surface was very stable and could withstand several

cycles of water washing, suggesting that the interaction

between the protein and oppositely charged clay is quite

strong.

3.2. Voltammetric behaviors

The electrochemical properties of clay–(Hb/PSS)n films

on PG electrodes were studied by cyclic voltammetry (CV).

While the clay–(Hb/PSS)n nanoclusters were assembled at

pH 5.5 by electrostatic attraction between Hb and clay, the

CVexperiments of the clay–(Hb/PSS)n film electrodes were



Fig. 1. Cyclic voltammograms at 0.2 V s�1 in pH 7.0 buffers for (a) clay,

(b) clay– (Hb/PSS), and (c) clay– (Hb/PSS)2 films.
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carried out at pH 7.0 which was closer to the biophysical

condition of living systems. When clay–(Hb/PSS)n films

were placed in Hb-free pH 7.0 buffers, a pair of well-

defined, quasi-reversible CV peaks was observed at about

�0.36 V vs. SCE (Fig. 1b and c). The peaks were located at

the potential characteristic of the Hb Fe(III)/Fe(II) redox

couples [37]. No CV peak was observed at clay-modified

PG electrodes in the same potential range (Fig. 1a). This

indicates the direct electron transfer between Hb and

underlying PG electrodes in the clay–(Hb/PSS)n film

system. The electron communication was much faster for

clay–(Hb/PSS)n films than that for Hb in solution on bare

PG. The core–shell nanocluster clay–(Hb/PSS)n films thus

provide a favorable microenvironment for Hb to transfer

electrons with underlying PG electrodes and have a great

enhancement on the electron-transfer rates. Compared with

clay–(Hb/PSS) films with n =1, clay–(Hb/PSS)2 films with

n =2 showed very similar peak positions and just slightly

increased peak currents, suggesting that one more bilayer of

Hb/PSS on the clay surface essentially does not increase the

amount of electroactive Hb in the films. The CV parameters

for clay–(Hb/PSS)n films and other Hb-containing clay

films are listed in Table 1 for comparison.

CVs of clay–(Hb/PSS)n films had roughly symmetric

peak shapes and nearly equal heights of reduction and

oxidation peaks (Fig. 1). Both reduction and oxidation

peak currents increased linearly with scan rates from 0.05

to 5 V s�1. Integration of the reduction peaks gave nearly
Table 1

Electrochemical parameters of Hb-containing clay films at pH 7.0

Filmsa E-V/V vs. SCE DEp/(mV) C/(mo

CV SWV

Clay–(Hb/PSS) �0.363 �0.367 34 8.87�
Clay–(Hb/PSS)2 �0.355 �0.360 44 1.58�
Hb–clay �0.348 �0.361 65 5.31�
{Clay/Hb}6 �0.322 �0.340 87 8.10�
Hb/clay/GCE �0.391 140

Hb-mont �0.373 100

a GCE=glassy carbon electrode, mont=sodium montmorillonite.
b tw: this work, reporting E-V and DEp values from CVat 0.2 V s�1 or average v

Hz, amplitudes of 60–75 mV, and a step height of 4 mV.
constant charge (Q) values independent of scan rates in

the same scan rate range. All these results are characteristic

of surface-confined or thin-layer electrochemical behavior

[38], in which all electroactive HbFe(III) in the films are

reduced to HbFe(II) on the forward cathodic scan, and the

produced HbFe(II) are fully converted back to HbFe(III)

form on the reverse anodic scan. Thus, the surface

concentration of electroactive Hb (C*, mol cm�2) was

estimated by integration of reduction peak of clay–(Hb/

PSS)n films and using the equation of Q =nFAC* [39],

where A is the geometric area of PG electrode (0.16 cm2),

and n and F have their usual meanings. In the range of

scan rate from 0.05 to 5 V s�1, the average C* value was

7.34�10�11 mol cm�2 for clay–(Hb/PSS) films and

8.30�10�11 mol cm�2 for clay–(Hb/PSS)2 films. Accord-

ing to the amount of Hb adsorbed on the clay nanopar-

ticles estimated by UV–VIS spectroscopy and the

deposition amount of clay–(Hb/PSS)n nanoclusters on

PG, the surface concentration of total deposited Hb (C,

mol cm�2) on the PG surface was estimated to be

8.87�10�10 mol cm�2 for clay–(Hb/PSS) films and

1.58�10�9 mol cm�2 for clay–(Hb/PSS)2 films. Thus,

the fraction of electroactive Hb among the total adsorbed

Hb in clay–(Hb/PSS)n films (C*/C) was around 8.3% at

n =1 and 5.3% at n=2 (Table 1).

Square wave voltammetry (SWV) has better signal-to-

noise ratio and resolution than CV [40] and is easier to be

analyzed quantitatively. SWV, combined with nonlinear

regression, was thus used to estimate the apparent hetero-

geneous electron transfer rate constant (ks) and formal

potential (E-V) of clay–(Hb/PSS)n films. The working

model was a combination of the single-species surface-

confined SWV model [41] and the formal potential

dispersion model, as described in detail previously

[42,43]. The SWV data for clay–(Hb/PSS)n films showed

accuracy of fit on the model over a range of amplitudes and

frequencies (data not shown). The average ks and E-V values
obtained by this method at pH 7.0 for clay–(Hb/PSS)n films

are also listed in Table 1. Both clay–(Hb/PSS) and clay–

(Hb/PSS)2 films showed relatively large ks values, consis-

tent with the well-defined and quasi-reversible CV

responses of the films, indicating that the nanocluster films
l cm�2) C*/(mol cm�2) C*/C ks/(s
�1) Ref.b

10�10 7.34�10�11 8.3% 41T3 tw

10�9 8.30�10�11 5.3% 36T4 tw

10�10 6.3�10�11 11.9% 31T2 [32]

10�10 1.77�10�10 21.8% 42T3 [34]

79 [25]

[24]

alues of E-V and ks from analysis of eight SWVs at frequencies of 100–175



Table 2

Dependence of the fraction of electroactive Hb on the deposited volume of

clay–(Hb/PSS)2 dispersion

V/(AL) C/(mol cm�2) C*/(mol cm�2) C*/C

2 5.4�10�10 8.9�10�11 16%

5 1.4�10�9 1.1�10�10 7.8%

10 2.7�10�9 1.1�10�10 4.2%

15 4.0�10�9 1.2�10�10 3.0%

20 5.4�10�9 1.2�10�10 2.3%
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provide a favorable microenvironment for Hb and enhance

the rate of electron transfer between Hb and underlying PG

electrodes. The E-V value estimated by SWV was in good

agreement with that obtained by CV for the same films.

While the clay–(Hb/PSS)n films showed the ks value in

the same order of magnitude as that of cast Hb–clay and

layer-by-layer {clay/Hb}6 films, the nanocluster films

demonstrated smaller peak separation (DEp) than other

Hb-containing clay films (Table 1). This indicates that the

electrochemical reversibility of Hb in the clay–(Hb/PSS)n
films is greatly improved. Although the exact nature of this

improvement is not very clear yet, it is most probably

related to the assembly process of clay– (Hb/PSS)n
nanoclusters. The clay nanoparticles may have better

adsorption selectivity toward Hb than toward the macro-

molecular impurities originally existing in Hb solution.

Several cycles of washing/centrifugation/discarding steps

may also help to remove the impurities from the nanoclus-

ters. Thus, the assembly of clay–(Hb/PSS)n nanoclusters

would also act as a purification process, and the purified Hb

at the film electrodes would demonstrate better reversibility,

as reported in literature [44,45]. The formal potential (E-V)
values of different Hb-containing clay films were similar but

not exactly the same (Table 1), suggesting that the different

film-making methods may make the microenvironment of

clay films slightly different for Hb.

CVs of clay–(Hb/PSS)n films showed a strong depen-

dence on pH of external buffers. Both reduction and

oxidation peak potentials for clay–(Hb/PSS)n films shifted

negatively with an increase in pH, while the peak shapes

kept nearly unchanged. Take clay–(Hb/PSS)2 films as an

example. The formal potential (E-V) estimated as the

midpoint of reduction and oxidation CV peak potentials

for Hb Fe(III)/Fe(II) redox couples showed a linear

dependence on pH in the range of pH 5.0 to 12.0 with a

slope of �51.2 mV pH�1. This slope value is reasonably

close to the theoretical value of �58 mV pH�1 at 20 -C for

a proton-coupled, reversible electrode process with equal

numbers of protons and electrons transferred [46,47]. Hb

has four subunits, each of which contains one heme

prosthetic group. Thus, the electron transfer between Hb

and PG electrodes in clay– (Hb/PSS)2 films can be

represented as HemeFe(III)+H++e�SHemeFe(II). An

inflection point was observed at pH 5.0 in the E-V–pH
plot, and when pH <5.0, the variation of E-V with pH

showed a much smaller slope of �33.5 mV pH�1. The

break in the E-V–pH plot suggests that the protonatable site

of amino acids near the heme region of Hb associated with

the electrode reaction has an apparent pKa value of 5.0

[48,49]. Clay–(Hb/PSS) films showed the similar pH-

dependent behavior.

Changes of CV peak potentials with pH were reversible.

For example, a clay–(Hb/PSS)2 film electrode was first

placed in pH 5.0 buffers and tested by CV. It was then

transferred to pH 7.0 buffers and examined by CV. When

the film electrode was placed back into the pH 5.0 buffers
again, the CV was quite reproducible and demonstrated

almost the same peak potentials and heights as before.

To explain the reason why the fractions of electroactive

Hb in clay–(Hb/PSS)n films were relatively small, the

influence of film thickness was investigated. Taking clay–

(Hb/PSS)2 films as an example, various volumes of clay–

(Hb/PSS)2 dispersions with the same concentration of clay–

(Hb/PSS)2 were deposited on the PG electrodes to form

clay–(Hb/PSS)2 films with different film thickness, and

CVs were performed to obtain the values of C*. Results

showed that while the C* value increased with the film

thickness, the fraction of electroactive Hb decreases

drastically (Table 2). This implies that only those Hb

molecules in the inner layers of the films closest to the

electrode surface are electrochemically addressable.

3.3. Stability and structure features

Long-term stability is one of the most important

properties required for biosensors or bioreactors. The

stability of clay–(Hb/PSS)n films modified on PG electro-

des was tested by CV with two different methods. In

solution studies, PG electrodes modified with clay–(Hb/

PSS)n films were stored in pH 7.0 blank buffers during the

whole storage time and CV tests were carried out

periodically. Alternatively, with the ‘‘dry’’ method, clay–

(Hb/PSS)n film electrodes were stored in air for most of the

storage time and put into buffers occasionally for CV

measurements. With both methods, clay–(Hb/PSS)n film

electrodes showed excellent stability. The CV peak poten-

tials kept in the same positions and the peak currents

remained essentially unchanged for at least 40 days.

The Soret band of Hb was also used to monitor the

stability of clay–(Hb/PSS)n films on quartz slides by UV–

VIS spectroscopy. Clay–(Hb/PSS)n films cast on quartz

slides were stored in pH 7.0 buffers and UV–VIS spectra

were recorded periodically for the dry films after the slides

were taken out of the solution and dried. The results showed

that after 71 h of storage, the position of Soret band of dry

clay–(Hb/PSS)n films at 412 nm was not changed, and the

intensity of the UV–VIS peak maintained almost the same

as its initial value.

The SEM top view of clay–(Hb/PSS)2 films showed a

lamellar flake-like structure with a lot of holes or cavities of

different sizes (Fig. 2). Porous clay–(Hb/PSS)n films may

absorb quite amounts of water when placed in solution and



Table 3

X-ray diffraction results for clay and clay– (Hb/PSS)n films

Films 2h (-) Basal plane

spacing (Å)

Corrected

interlayer

spacing (Å)

Clay (from organic solvent) [50] 8.66 10.2 –

Clay (from aqueous dispersion) 6.42 13.8 –

Clay– (Hb/PSS) 2.56 34.5 24.3

Clay– (Hb/PSS)2 1.58 55.9 45.7

Fig. 2. SEM top view for clay– (Hb/PSS)2 films cast on PG surface.
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provide an aqueous-like microenvironment for the proteins,

which may be favorable for Hb to exchange electrons with

underlying PG electrodes. The porous films may also make

small inorganic ions in buffers move into or out of the films

more easily, which may greatly enhance the conductivity of

the films and reduce the resistance of the charge transfer.

The peak of lowest reflection angle 2h of X-ray

diffraction (XRD) for clay and clay–(Hb/PSS)n films was

used to estimate the interlayer basal plane spacing of the

films through Bragg’s law [35]. A 2h peak was observed at

6.42- for clay films, showing a basal plane spacing of 13.8

Å (Fig. 3a). For clay–(Hb/PSS) and clay–(Hb/PSS)2 films,

the XRD peaks observed at 2.56- and 1.58- (Fig. 3b and c)

showed larger basal plane spacing of 34.5 Å and 55.9 Å,

respectively, indicating that Hb/PSS bilayers are intercalated

into the clay layers and enlarge the interlayer spacing of the

clay layers. XRD data of clay and clay–(Hb/PSS)n films are

also listed in Table 3 for comparison.

The observation of Bragg’s peak for XRD of clay and

clay–(Hb/PSS)n films suggests a partially ordered layer

structure in the films. The clay films cast from aqueous

dispersions gave a basal plane spacing of 13.8 Å, larger than

the value of 10.2 Å for clay films cast from organic solvent

[50]. This was probably caused by water intercalation
Fig. 3. X-ray diffraction patterns for (a) clay, (b) clay–(Hb/PSS), and (c)

clay–(Hb/PSS)2 films.
between the clay layers in the former situation [23]. The

value of 10.2 Å was thus used here as the thickness of dry

clay platelets for a reference (Table 3). As expected, the net

or corrected basal plane spacing of clay–(Hb/PSS)2 films

(45.7 Å) was about twice larger than clay–(Hb/PSS) films

(24.3 Å). However, considering the size of Hb (65�55�50

Å [51]), it is difficult to explain why the corrected basal

plane spacing of clay–(Hb/PSS) films was only about a half

of the Hb dimension. It is probably related to the different

properties of basal and edge planes of clay. While the basal

plane of clay is always negatively charged, the edge plane of

clay may become positively charged at suitable pH [52,53].

Some Hb/PSS bilayers adsorbed on clay surface may be

rearranged during the drying process of the nanocluster

films, in which the Hb surrounded by polyanionic PSS are

probably arranged on the edge of clay platelets, thus

enlarging the clay basal spacing by less than the dimension

of Hb.

3.4. Conformational studies

Infrared spectra of proteins can provide information on

the secondary structure of the proteins immobilized on solid

surfaces [54,55]. For proteins, amide I band at 1700–1600

cm�1 is caused by CfO stretching vibrations of the peptide

linkage, and amide II band at 1600–1500 cm�1 is caused

by a combination of N–H in-plane bending and C–N

stretching of the peptide groups. These two amide bands are

sensitive markers for protein conformation changes. Reflec-

tive absorption infrared (RAIR) spectroscopy was used to

characterize Hb in the core – shell clay – (Hb/PSS)n
nanoclusters (Fig. 4A). The second derivative IR spectra

can provide more detailed information on protein confor-

mation than the original IR spectra. Negative second

derivative bands are resolved from overlapped amide I

and II bands in the original spectra, and frequencies have

been assigned for a-helix, h-sheet, turns, disordered features
and other secondary structural features of proteins [55]. The

second derivative IR spectra were thus also presented to

enhance the IR resolution (Fig. 4B). Pure Hb films

demonstrated an IR peak at 1655 cm�1 for amide I band,

and a smaller one at 1542 cm�1 for amide II band. For

clay–(Hb/PSS)n films, amide I band was at 1657 cm�1 for

n =1 and 1655 cm�1 for n =2, whereas amide II bands were

at 1542 cm�1 (n =1) and 1539 cm�1 (n =2), respectively.

Both amide bands of clay–(Hb/PSS)n films showed the



Fig. 5. (A) UV–VIS spectra on quartz slides for (a) dry Hb films, (b) dry

clay–(Hb/PSS)2 films, and clay– (Hb/PSS)2 films in different pH buffers:

(c) pH 2.5, (d) pH 5.5, (e) pH 7.0, (f) pH 9.0, (g) pH 12.0. (B) UV–VIS

spectra of (a) clay–(hemin/PSS) films, (b) hemin films, and (c) 1.75�10�6

M hemin, (d) 2.9�10�7 M Hb in pH 7.0 buffers.

Fig. 4. (A) Original and (B) second-derivative microscopic RAIR spectra

for (a) clay– (Hb/PSS)2, (b) clay– (Hb/PSS), and (c) Hb films.
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negative peak positions of the second-derivative IR spectra

very similar to those of the pure Hb films, respectively. In

addition, the second derivative IR spectra of clay–(Hb/

PSS)n and pure Hb films demonstrated nearly identical

patterns or curve shapes in most parts of the spectra. While

the IR spectra at this resolution may not be good enough

to provide complete information about the folded state of

the protein, especially that of the quaternary structure of

Hb, the present data support the speculation that the major

portion of Hb essentially retains its native structure in the

clay–(Hb/PSS)n films.

The shape and position of Soret absorption band of the

heme prosthetic group in heme proteins may provide

information on the possible denaturation of the proteins.

Although the wavelength of Soret band may not be a

sufficient diagnostic criterion for the conformational varia-

tion of the whole protein, it is relatively sensitive to the

conformational change in the heme region [56,57]. UV–

VIS spectroscopy was used to monitor the position change

of the Soret band of Hb in clay–(Hb/PSS)n films (Fig. 5A).

Both dry Hb and clay–(Hb/PSS)n films demonstrated Soret

bands at 412 nm. When clay–(Hb/PSS)2 films cast on

quartz slides were placed into buffers at pH between 5.5 and

9.0, the Soret band was observed at 410 nm, very close to

that at 412 nm for the dry Hb films. The results suggest that

Hb in clay–(Hb/PSS)n film retain its near-native conforma-

tion in both dry form and ‘‘wet’’ form in the medium pH

range. When pH was changed toward more acidic or more

basic direction, the Soret band showed a blue-shift and

became broader, indicating that Hb in clay–(Hb/PSS)n films

may undergo denaturation to a considerable extent.

Hemin is the free heme group without polypeptide

around it. As a control, the hemin and clay–(hemin/PSS)

nanocluster films were also prepared on quartz slides and

tested by UV–VIS spectroscopy. The spectra of both hemin

and clay–(hemin/PSS) films displayed the Soret band at the

wavelength less than 400 nm with much broader peak

shapes (Fig. 5B), obviously different from that of dry Hb

and clay–(Hb/PSS)2 films (412 nm). In the aqueous
solution, the Soret band of hemin also showed the blue-

shift of peak position and broadening of peak shape

compared with Hb (Fig. 5B), very similar to the situation

in the film phase. UV–VIS results indicate that the heme

group in Hb is not split out of the protein matrix in the

nanocluster preparation.

To further investigate the possibility of release of the

heme groups from Hb polypeptide matrix in the preparation

of clay–(Hb/PSS)n nanocluster films, CVs of clay–(hemin/

PSS) and clay–(catalase/PSS) films cast on PG electrodes

were conducted (Fig. 6). Catalase is also a kind of heme

proteins with MW of 240,000 and four similar subunits,

each of which contains a heme group. The clay–(catalase/

PSS) nanocluster films were prepared in the same way as

the corresponding Hb films. While the CV response of

clay–(catalase/PSS) films was very small, the direct and

nearly reversible electrochemistry of catalase was obviously

observed, and the peak potentials at around �0.48 V was

believed to be attributed to catalase heme Fe(III)/Fe(II)

redox couples [58]. To make the CVs of two protein films

comparable in the same figure, a smaller amount of clay–

(Hb/PSS) nanoclusters was cast on the PG surface. The

results showed that while the midpoint peak potential of

clay–(Hb/PSS) films (�0.36 V) was similar to that of clay–

(hemin/PSS) films (�0.37 V), the average peak potential of

clay–(catalase/PSS) films (�0.48 V) was more negative

than that of clay–(hemin/PSS) films. If catalase in the

nanocluster films were denatured and most of the heme

groups in catalase were split out of the polypeptide matrix,

the CV should have shown the obvious positive shift in peak

potentials. Since the preparation methods for both Hb and

catalase nanocluster films were the same, we speculate that

the heme groups of Hb were also kept inside the polypeptide

pockets and not released from the protein matrix in clay–

(Hb/PSS)n films.

The results of both IR and UV–VIS spectroscopic

experiments (Figs. 4 and 5), combined with that of the



Table 4

Catalytic performances of clay– (Hb/PSS)n films toward various substrates

in pH 7.0 buffers

Substrates Films

Clay–

(Hb/PSS)

Clay–

(Hb/PSS)2

O2
a Catalytic efficiency (Ic/Id) 3.3 3.8

H2O2
b (CV) Catalytic efficiency (Ic/Id) 4.3 2.9

Linear range (mM) 0.001–0.18 0.001–0.14

Detection limit (AM) 1.0 1.0

Sensitivity (mA M�1) 84.2 85.4

Correlative coefficient 0.999 0.997

H2O2
c

(amperometry)

Response time (s) 7 7

Linear range (mM) 0.01–0.17 0.01–0.20

Sensitivity (mA M�1) 469 194

Correlation coefficient 0.998 0.998

NaNO2
d Linear range (mM) 0.04–3.6 0.04–4.0

Detection limit (mM) 0.04 0.04

Sensitivity (mA M�1) 2.58 1.94

Correlative coefficient 0.996 0.997

a CV, 0.2 V s�1 40 mL of air injected in 10 mL.
b 0.2 V s�1.
c At constant potential of 0 V in pH 7.0 buffers.
d CV, 0.2 V s�1.

Fig. 6. Cyclic voltammograms at 0.2 V s�1 in pH 7.0 buffers for (a) clay–

(catalase/PSS), (b) clay– (Hb/PSS), and (c) clay–(hemin/PSS) films.
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additional CVs (Fig. 6), support the conclusion that Hb

retains its near-native structure in clay–(Hb/PSS)n films.

3.5. Electrochemical catalysis

Electrocatalytic activity of clay–(Hb/PSS)n films toward

various substrates of biological or environmental signifi-

cance was characterized by CV. For example, when a certain

volume of air was injected into a pH 7.0 oxygen-free buffer

through a syringe, a significant increase of CV reduction

peak at about �0.35 V was observed at clay–(Hb/PSS)2
film electrodes (Fig. 7d) compared with that in the absence

of oxygen (Fig. 7c). The increase in reduction peak was

accompanied by the disappearance of oxidation peak of

HbFe(II), which had reacted with oxygen. An increase in the

amount of injected air in solution resulted in an increase in

reduction peak (Fig. 7e). For clay films without Hb, the

direct reduction of oxygen was observed at about �0.85 V

(Fig. 7b), far more negative than the catalytic reduction peak

potential. Thus, the clay–(Hb/PSS)2 film electrode lowered

the reduction overpotential of O2 by about 0.5 V. The

catalytic efficiency, expressed as the ratio of reduction peak

current in the presence (Ic) and absence of oxygen (Id), Ic/Id,

decreased with an increase of scan rate, also characteristic of

electrocatalytic reduction of oxygen by clay–(Hb/PSS)n
films [59].

The electrocatalytic reduction of hydrogen peroxide at

clay–(Hb/PSS)n film electrodes was also observed with CV.
Fig. 7. Cyclic voltammograms at 0.2 V s�1 in 10 mL of pH 7.0 buffers for

(a) clay films, (b) clay films with 40 mL of air injected, (c) clay– (Hb/PSS)2
films, (d) clay– (Hb/PSS)2 films with 40 mL of air injected, and (e) clay–

(Hb/PSS)2 films with 80 mL of air injected.
When H2O2 was added to a pH 7.0 buffer, compared with

the system with no H2O2 present, a significant increase in

reduction peak at about �0.35 V was observed with the

disappearance of oxidation peak for HbFe(II). The reduction

peak current increased with the concentration of H2O2 in

solution. The direct reduction of H2O2 at clay film

electrodes was not observed. The catalytic CV reduction

peak of clay–(Hb/PSS)n films showed a linear relationship

with H2O2 concentration in certain range (Table 4). At

higher H2O2 concentrations, the CV response showed a

level-off tendency.

The electrocatalytic reduction of hydrogen peroxide at

clay– (Hb/PSS)n film electrodes was also studied by

amperometry. In the experiments, the potential was set at

0 V vs. SCE and the catalytic reduction currents were

monitored when aliquots of H2O2 were added. At clay film

electrode, no current increase was observed after addition of

H2O2 (Fig. 8a). In contrast, with clay–(Hb/PSS)n films, a
Fig. 8. Amperometric current– time curves at constant potential of 0 V vs.

SCE in pH 7.0 buffers with injection of H2O2 every 40 s for (a) clay, (b)

clay–(Hb/PSS)2, and (c) clay– (Hb/PSS) films. Concentration increase of

each step corresponds to 0.01 mM H2O2 for clay and clay– (Hb/PSS)n
films.



Fig. 9. Cyclic voltammograms at 0.2 V s�1 in pH 5.5 buffers for (a) clay

film, (b) clay film with 1.6 mM NO2
�, (c) clay– (Hb/PSS)2 film, (d) clay–

(Hb/PSS)2 film with 1.6 mM NO2
�, and (e) clay– (Hb/PSS)2 film with 3.2

mM NO2
�.
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stepped increase of H2O2 concentration in buffer solutions

caused the corresponding growth of reduction currents (Fig.

8b and c). The current had a linear relationship with

concentration of H2O2 in solution. The catalytic perfor-

mance of clay–(Hb/PSS) and clay–(Hb/PSS)2 films toward

hydrogen peroxide is also listed in Table 4 for comparison.

Catalytic reduction of nitrite was also studied at clay–

(Hb/PSS)n film electrodes. For example, with clay–(Hb/

PSS)2 films, a new reduction wave appeared at about �0.75

V when NO2
� was added in pH 5.5 buffers (Fig. 9). The

wave height increased with a further addition of NO2
�.

Direct reduction of NO2
� on clay film with no Hb present

was found at the potential more negative than �1.2 V. Thus,

the clay–(Hb/PSS)2 film decreased the reduction over-

potential of NO2
� by at least 0.4 V. The catalytic CV

reduction peak of the clay–(Hb/PSS)n films had a linear

relationship with NO2
� concentration in a certain range

(Table 4).

The catalytic performances of clay–(Hb/PSS)n films

toward different substrates are summarized in Table 4. For

the substrates of oxygen, clay–(Hb/PSS)2 films with n =2

showed better catalytic efficiency (Ic/Id) than clay–(Hb/

PSS) films with n =1. For H2O2 and NO2
� systems,

however, clay–(Hb/PSS) films seem to be more active than

clay–(Hb/PSS)2 films in catalysis. For instance, for the

catalytic reduction of H2O2 with CV, clay–(Hb/PSS) films

demonstrated much higher catalytic efficiency (Ic/Id) than

clay–(Hb/PSS)2 films. In the meantime, the former dis-

played better sensitivity than the latter in the determination

of H2O2 by amperometry, qualitatively consistent with the

results of CV. The biocatalytic activity of Hb in these core–

shell nanocluster films toward different substrates could

thus be more precisely tailored by controlling the number of

bilayers of the shells.

There are only a few quantitative data available for other

Hb-containing clay films in catalysis, it is thus difficult to

make a systematic comparison of clay–(Hb/PSS)n films

with other Hb-containing clay films in electrocatalysis of

various substrates. Nevertheless, some comparisons of the

Hb nanocluster films with the cast Hb–clay films [32] could

be made. The clay–(Hb/PSS)n films demonstrated better
CV catalytic efficiency toward both oxygen and hydrogen

peroxide than the Hb–clay films. As for comparison with

other cast Hb films, such as Hb–polyelectrolyte films,

clay–(Hb/PSS)n films displayed electrocatalytic activity

generally at the same level without showing obvious

advantages. However, some improvements were also

observed toward certain substrates for the nanocluster films

if compared with some specific Hb films. For example,

clay–(Hb/PSS)n films demonstrated lower detection limit in

determination of nitrite than that of most other cast Hb

films, such as Hb-PAMAM [60] and Hb-CMC [61] films,

where PAMAM is polyamidoamine dendrimer and CMC is

carboxymethyl cellulose.
4. Conclusion

The stable and ordered clay–(Hb/PSS)n nanocluster

films provide a favorable microenvironment for Hb to

transfer electrons with underlying PG electrodes. The

construction strategy of this core–shell structure provides

a controllable route to immobilize proteins and improves the

electrochemical reversibility of the proteins at their

nanocluster film electrodes. Hb can retain its near-native

secondary structure in clay–(Hb/PSS)n films, and exhibit

good electrocatalytic activity toward various substrates with

biological or environmental significance. The electrochem-

ical and electrocatalytic activity of the films can be tailored

by controlling the number of bilayers of the (Hb/PSS)n
shells on the surface of clay nanoparticle cores and by

adjusting the film thickness of the films. This new type of

protein core–shell nanocluster films might have potential

applicability in constructing biosensors or bioreactors based

on the direct electrochemistry of enzyme without using any

mediator.
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