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Abstract

Positively charged hemoglobin (Hb) or myoglobin (Mb) at pH 5.0 in solutions and negatively charged zeolite particles in dispersions were
alternately adsorbed onto solid surfaces forming {zeolite/protein}n layer-by-layer films, which was confirmed by quartz crystal microbalance
(QCM) and cyclic voltammetry (CV). The protein films assembled on pyrolytic graphite (PG) electrodes exhibited a pair of well-defined, nearly
reversible CV peaks at about −0.35 V vs. SCE at pH 7.0, characteristic of the heme Fe(III)/Fe(II) redox couples. Hydrogen peroxide (H2O2) and
nitrite (NO2

−) in solution were catalytically reduced at {zeolite/protein}7 film modified electrodes, and could be quantitatively determined by CV
and amperometry. The shape and position of infrared amide I and II bands of Hb or Mb in {zeolite/protein}7 films suggest that the proteins retain
their near-native structure in the films. The penetration experiments of Fe(CN)6

3− as the electroactive probe into these films and scanning electron
microscopy (SEM) results indicate that the films possess a great amount of pores or channels. The porous structure of {zeolite/protein}n films is
beneficial to counterion transport, which is crucial for protein electrochemistry in films controlled by the charge-hopping mechanism, and is also
helpful for the diffusion of catalysis substrates into the films. The proteins with negatively charged net surface charges at pH 9.0 were also
successfully assembled with like-charged zeolite particles into layer-by-layer films, although the adsorption amount was less than that assembled
at pH 5.0. The possible reasons for this were discussed, and the driving forces were explored.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Zeolites are a large family of crystalline aluminosilicates or-
ganized into regular three-dimensional networks with inter-
connected channels and cages [1,2]. In recent years, there has
been much interest in the applications of zeolite in immobili-
zation of proteins or enzymes since the inorganic zeolite has
good biocompatibility, high mechanical, thermal, and chemical
stability, large surface areas, and unique hydrophilic and elec-
trostatic property [3–5]. It is well known that the immobilization
of enzymes on solid surfaces plays a key role in the development
of biosensors, bioreactors and biodevices, and has aroused
increasing interest among researchers [6,7].

Zeolite has also been used to immobilize enzymes on electrode
surface and construct electrochemical biosensors [8,9]. The direct
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electrochemistry of some redox proteins at zeolite or molecular-
sieve modified electrodes has been realized recently [10–12]. For
example, Ju and coworkers investigated the direct electron
transfer of cytochrome c immobilized on aNaY zeolitematrix and
applied the modified electrode in biosensing of hydrogen
peroxide [13]. The study on direct electrochemistry of redox
enzymes may establish a foundation for fabricating the new type
of biosensors without using mediators, and provide a model for
the mechanistic study of redox process commonly observed in
biological systems [14,15]. Since it is usually difficult for redox
proteins in solution phase to transfer electron directly at naked
solid electrodes, various types of films have been developed
to immobilize proteins on electrode surface, and the direct
electrochemistry of the proteins in the film phase has been
realized [16,17].

Layer-by-layer assembly, which originated from the alternate
adsorption of oppositely charged polyions from their solutions
onto solid surfaces, has been developed into a general approach
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for fabricating ultrathin films [18–20] and extended to immo-
bilize proteins or enzymes [16,21]. Recently, the direct elec-
trochemistry of redox proteins in layer-by-layer films with
polyelectrolytes or nanoparticles has been realized [22–26]. The
advantage of layer-by-layer films over cast or dip-coating films
is their precisely tailored layer thickness on nanometer scale with
predesigned architecture. While the assembly of layer-by-layer
films of zeolite with oppositely charged polyelectrolytes has
been reported [27–29], to the best of our knowledge, the as-
sembly of layer-by-layer films of zeolite with redox proteins and
the direct electrochemistry of the proteins in these films have not
been studied yet.

In the present work, hemoglobin (Hb) and myoglobin (Mb)
were assembled respectively with zeolite particles by alternate
adsorption on solid surfaces, forming {zeolite/protein}n layer-
by-layer films. The {zeolite/protein}n films grown on pyrolytic
graphite (PG) electrodes showed direct and reversible electro-
chemistry for the protein heme Fe(III)/Fe(II) redox couples, and
were characterized by cyclic voltammetry (CV) and square wave
voltammetry (SWV). The electrocatalytic reduction of hydrogen
peroxide and nitrite were also investigated at {zeolite/protein}n
film electrodes. The structure feature of the films was studied by
IR spectroscopy, scanning electron microscopy (SEM) and CV
with electroactive probe. The driving forces for the assembly of
the films under different conditions were also explored.

2. Experimental section

2.1. Chemicals

Bovine hemoglobin (Hb, MW 66,000) and horse heart myo-
globin (Mb, MW 17,800) were purchased from Sigma and used
as received. Poly(diallyldimethylammonium chloride) (PDDA,
20%, MW 60,000), poly(sodium 4-styrenesulfonate) (PSS, MW
70,000), and 3-mercapto-1-propanesulfonate (MPS, 90%) were
from Aldrich. Zeolite (b45 μm) was purchased from Fluka. All
other chemicals were reagent grade. NaNO2 and H2O2 were
freshly prepared before being used. The water for preparing
solutions was purified twice successively by ion exchange and
distillation.

2.2. Instruments

A CHI 660A electrochemical workstation (CH Instruments)
was used for electrochemical studies. A typical three-electrode
cell was used with a saturated calomel electrode (SCE) as the
reference electrode, a platinumwire as the counter electrode, and
a basal plane pyrolytic graphite (PG, Advanced Ceramics,
geometric area 0.16 cm2) disk modified with films as the
working electrode. Buffers were purged with highly purified
nitrogen for at least 15 min prior to a series of experiments. A
nitrogen environment was then kept in the cell by continuously
bubbling N2 during the whole experiment.

Quartz crystal microbalance (QCM) measurements were done
with a CHI 420 electrochemical analyzer. AT-cut quartz
resonators (fundamental frequency 8 MHz) coated by thin gold
films on both faces (geometric area 0.196 cm2 per one face) were
used. Microscopic reflection absorption infrared (RAIR) spec-
troscopy was done with a Magna-IR 670 spectrometer (Nicolet).
Scanning electronmicroscopy (SEM)was performedwith a JSM-
6700F field emission scanning electron microscopy (JEOL).
Transmission electronmicroscopy (TEM) was performed with an
H-600 transmission electron microscopy (Hitachi).

2.3. Film assembly

Before being used, zeolite was pretreated with ultrasonication
and centrifugation in order to obtain smaller-sized particles with
better purity. In brief, the zeolite was dispersed in water at 1 mg
mL−1 by ultrasonication for about 2 h. After centrifugation at
1500 rpm for 15 min, the supernatant was collected and freeze-
dried. TEM showed that sheet-like zeolite had an irregular shape
with an average size of about 200 nm at this stage. These pu-
rified, smaller-sized particles were then dispersed in buffers at
pH 5.0 (3 mg mL−1) by ultrasonication for about 1 h. This
cloudy suspension of zeolite was relatively stable. Right before
the preparation of zeolite films, the suspension was ultrasoni-
cated for another 15 min.

For electrochemical studies, the basal plane PG electrode was
roughened withmetallographic sandpaper, and the “edge” surface
was uncovered, which was negatively charged by virtue of the
surface oxygen functionalities and had a partly hydrophobic
character [30]. After immersed into PDDA solutions (3mgmL−1,
containing 0.5 M NaCl) for 20 min, the PG electrode became
positively charged owing to the adsorption of PDDA precursor
layer. After washed in water, the PG/PDDA electrode was
alternately immersed for 20 min in aqueous dispersion of zeolite
(3 mg mL−1) and Hb or Mb solutions (3 mg mL−1, containing
0.1 M KCl) at pH 5.0 with intermediate water washing and
nitrogen stream drying. This cycle was repeated to obtain the
{zeolite/protein}n layer-by-layer films with the desired number of
bilayers (n).

For QCM study, a cleaned gold QCM electrode was im-
mersed in MPS ethanol solutions (4 mM) for 24 h, and an MPS
monolayer was formed on gold surface by formation of Au–S
bond between Au andMPS, introducing negative charges on the
surface. The following assembly of PDDA/{zeolite/protein}n
films on the Au/MPS surface was the same as that on PG. After
each adsorption step, the gold QCM electrode was washed in
water, dried in N2 stream, and measured by QCM in air. The
{zeolite/protein}n films on Au QCM electrodes were also used
for RAIR spectroscopy and SEM.

3. Results

3.1. Assembly of {zeolite/protein}n layer-by-layer films

The surface charge of zeolite is dependent on the type of
zeolite and the condition in experiments, and usually negative in
its dispersions [31]. In our situation, the zeolite would be
negatively charged in dispersions according to the experimental
results of layer-by-layer assembly of Hb at different pH with the
zeolite (see later). With the isoelectric point (pI) at 7.4 for Hb
[32] and 6.8 for Mb [33], both Hb and Mb have net positive



Table 1
QCM results for each layer of {zeolite/protein}n films assembled on Au/MPS/
PDDA surfaces

Films Frequency decrease
−Δf, Hz

Nominal
thickness d, nm

Γ, mol cm−2

Zeolite Protein Zeolite Protein Protein

{zeolite/Mb}n 1189±145 348±59 18.8 9.1 6.7×10−11

{zeolite/Hb(pH 5.0)}n 1059±189 449±68 16.7 11.6 2.33×10−11

{zeolite/Hb(pH 7.0)}n 133±66 185±49 2.1 4.8 0.96×10−11

{zeolite/Hb(pH 9.0)}n 126±50 104±31 2 2.7 0.54×10−11

313Y. Xie et al. / Bioelectrochemistry 70 (2007) 311–319
surface charges at pH 5.0. Thus, the layer-by-layer films of the
zeolite and the proteins were assembled mainly by Coulombic
attraction between them, designated as {zeolite/protein}n. QCM
and CV were used to monitor or confirm the growth of the films.

QCM can detect tiny mass changes on the QCM resonator
electrodes. Based on the Sauerbrey equation [34]

Df ¼ −2f 20 Dm=AðlqÞ1=2 ð1Þ
the frequency shift, Δf (Hz), would be proportional to the
adsorbed mass, Δm (g), by taking into account the properties of
quartz resonator used in this work, where f0 is resonant fre-
quency of the fundamental mode of the quartz crystal (8 MHz),
μ is the shear modulus of quartz (2.947×1011 g cm−1 s−2), ρ is
the density of the crystal (2.648 g cm−3), and A is the geometric
area of the QCM electrode (0.196 cm2). Thus, 1 Hz of fre-
quency decrease corresponds to 1.35 ng of mass increase. The
frequency change or mass increase can also be used to estimate
the nominal thickness of adsorbed layer, d (cm), which can be
expressed by

d ¼ Dm=ð2qmAÞ ð2Þ
where ρm is the density of the layer material (g cm−3). For the
protein, the density is estimated to be 1.3±0.1 g cm−3 [35],
while the density of zeolite is about 2.15±0.15 g cm−3 [36].
There are two gold film electrodes coated on both sides of the
QCM resonator, the total mass adsorbed on gold QCM elec-
trodes should therefore be divided by 2 in estimation.

QCM results showed a roughly linear decrease in frequency
with the adsorption step for both {zeolite/Hb}n and {zeolite/Mb}n
films grown on Au/MPS/PDDA surfaces (Fig. 1), indicating that
the building up of {zeolite/protein}n films is in a regular and
reproducible manner with nearly the same amounts of zeolite and
protein in each adsorption bilayer, respectively. The QCM results
are listed in Table 1 for comparison. For example, each Hb
adsorption layer for {zeolite/Hb}n films caused a frequency dec-
rease of 449 Hz, larger than that of Mb layer for {zeolite/Mb}n
films (348 Hz), which is qualitatively consistent with the fact
that Hb has larger molecular weight than Mb. The nominal
thickness of Hb and Mb layer was 11.6 and 9.1 nm, about twice
larger than the dimension of Hb (5.0×5.5×6.5 nm3 [37]) andMb
Fig. 1. Dependence of QCM frequency shift on adsorption step for {zeolite/
protein}n films assembled on surface of Au/PDDA/MPS: (O) MPS/PDDA, (+)
zeolite, (○) Hb, and (●) Mb adsorption step.
(2.5×3.5×4.5 nm3 [38]), respectively, indicating possible aggre-
gation of the proteins in adsorption.

The assembly of {zeolite/protein}n multilayer films on PG/
PDDA surface was also monitored by CV. Taking {zeolite/Hb}n
films as an example, after each adsorption cycle creating a new
zeolite/Hb bilayer, the electrode was washed with water and then
transferred to a pH 7.0 buffer solution containing no Hb. A pair
of well-defined, nearly reversible CV peaks was observed at
about −0.35 V vs. SCE (Fig. 2A), characteristic of the Hb heme
Fe(III)/Fe(II) redox couples [39]. The reduction and oxidation
peak currents grew with the number of zeolite/Hb bilayers (n)
until n=7. When nN7, no further increase in the peak currents
was observed, indicating that Hb in the eighth and following
bilayers is not electrochemically addressable. {Zeolite/Mb}n
films showed the similar results (Fig. 2B).

3.2. Electrochemical properties

For a specific system, CVs of {zeolite/protein}n films showed
symmetric peak shapes and nearly equal heights of their reduction
and oxidation peaks (e.g. Fig. 2), and the heights of the reduction
or oxidation peaks were linearly proportional to scan rates from
0.05 to 2.0 V s−1. Integration of reduction peaks at different scan
rates in this range gave nearly constant charge (Q) values. All
Fig. 2. CVs of (A) {zeolite/Hb}n and (B) {zeolite/Mb}n films at 0.2 V s−1 in pH
7.0 buffers with different numbers of bilayers (n).



Table 2
Electrochemical parameters of {zeolite/protein}7 films assembled on PG/PDDA
electrodes in pH 7.0 buffers

Films Γ ⁎ a

(mol cm−2)
Γ ⁎/
Γ a

ΔEp
a

(mV)
ks

b

(s−1)
E°′ vs. SCE (V)

CVa SWVb

{Zeolite/Hb}7 6.04×10−11 44% 88 36.7 −0.347 −0.353
{Zeolite/Mb}7 28.6×10−11 61% 77 35.1 −0.345 −0.358
a Data from CVs at 0.2 V s−1.
b Data from SWVwith average values for analysis of ten SWVs at frequencies

of 100–200 Hz, amplitudes of 60–75 mV, and a step height of 4 mV.
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these results indicate the diffusionless, surface-confined electro-
chemical behavior for the protein film system [40]. Thus, the
charge (Q) value by integration of CV reduction peak can be
converted to the surface concentration of electroactive protein
(Γ ⁎, mol cm−2) in the films according to the Faraday's law [40],
and the fraction of electroactive proteins among the total proteins
adsorbed in each bilayer (Γ ⁎/Γ ) can be estimated. Taking {zeo-
lite/Hb}n films as an example, the surface concentration of elec-
troactive Hb in the first zeolite/Hb bilayer estimated from CV
(Γ1⁎) was about 1.65×10

−11 mol cm−2, while the total surface
coverage of Hb in each bilayer measured by QCM (Γ ) was about
2.33×10−11 mol cm−2 (Table 1). The Γ1⁎/Γ ratio for the first
bilayer was thus about 71%. The fraction values for the following
bilayerswere also estimatedwith the samemethod. Fig. 3A shows
the dependence of the surface concentration (Γ ⁎) and the fraction
of electroactive Hb (Γ ⁎/Γ ) on the number of bilayers (n) for the
{zeolite/Hb}n films. It can be seen that when nb8, while the
amount of electroactive Hb (Γ ⁎) increased with n nonlinearly, the
Γ ⁎/Γ ratio decreased with n dramatically. The distance between
Hb and the electrode was crucial for efficient electron exchange,
and the electroactive Hb could not extend to more than 7 bilayers
in this case. The {zeolite/Mb}n films displayed the similar results
(Fig. 3B).

Square wave voltammetry (SWV) combining non-linear reg-
ression was used to estimate the apparent heterogeneous elec-
tron-transfer rate constant (ks) and formal potential (E°′) for
{zeolite/protein}7 films. The theoretical model was the combi-
nation of single-species surface-confined SWV model [41] and
the formal potential dispersion model, as described in detail
previously [42,43]. The SWV data for {zeolite/protein}7 films
showed a good fit on the model over a range of amplitudes and
Fig. 3. Influence of the number of bilayers (n) on (a) surface concentration of
electroactive proteins (Γ ⁎) and (b) the fraction of electroactive proteins (Γ ⁎/Γ)
for (A) {zeolite/Hb}n and (B) {zeolite/Mb}n films.
frequencies, and the average ks and E°′ values estimated are
listed in Table 2.

The {zeolite/protein}7 films assembled on PG/PDDA elec-
trodes showed very good stability. For example, after 30 days of
immersion in pH 7.0 buffers, the peak potentials of {zeolite/
Hb}7 films showed no change, and the peak heights decreased
only about 10–15% compared with the initial values.

3.3. Electrocatalytic activity

The proteins in {zeolite/protein}7 films demonstrated good
electrocatalytic activity toward reduction of hydrogen peroxide
and nitrite. For example, the addition of a micro-amount of H2O2

into a pH 7.0 buffer caused a large increase in CVreduction peak
current for {zeolite/Hb}7 films at −0.4 V, accompanied by the
decrease or even disappearance of the oxidation peak (Fig. 4A).
No direct reduction peak was observed at PDDA/zeolite film
electrode in the presence of H2O2. The reduction peak current
increased linearly with the concentration of H2O2 in solution in a
certain range (Table 3). At higher H2O2 concentrations, the CV
Fig. 4. (A) CVs at 0.2 V s−1 in pH 7.0 buffers for (a) PDDA/zeolite film, (b)
PDDA/zeolite film in the presence of 30 μM H2O2, (c) {zeolite/Hb}7 film, (d)
{zeolite/Hb}7 film with 30 μM H2O2, and (e) {zeolite/Hb}7 film with 60 μM
H2O2. (B) Amperometric current–time curves at constant potential of 0 V in pH
7.0 buffers with injection of 50 μM H2O2 solution every 40 s for (a) PDDA/
zeolite film, (b) {zeolite/Hb}7 film, (c) and {zeolite/Mb}7 film.



Table 3
Electrocatalytic performances of {zeolite/protein}7 films toward reduction of
H2O2 and NaNO2

Substrate
(method)

Films Linear
range
(μM)

Correlation
coefficient

Detection
limit
(μM)

Sensitivity
(μA μM−1

cm− 2)

H2O2 {zeolite/Hb}7 0.5–90 0.992 0.05 0.692
(CV)a {zeolite/Mb}7 0.5–96 0.994 0.05 0.418
H2O2 {zeolite/Hb}7 0.1–15 0.988 0.015 0.818
(RDV)b {zeolite/Mb}7 0.1–10 0.987 0.015 1.57
H2O2 {zeolite/Hb}7 50–1000 0.995 5 1.02
(amperometry)c {zeolite/Mb}7 50–1000 0.992 5 1.84
NaNO2 {zeolite/Hb}7 50–2200 0.996 5 23.5
(CV)d {zeolite/Mb}7 50–2400 0.993 5 31.1
a In pH 7.0 buffers with scan rate of 0.2 V s−1.
b In pH 7.0 buffers with scan rate of 0.05 V s−1 and rotation rate of 2000 rpm.
c In pH 7.0 buffers at constant potential of 0 V vs. SCE.
d In pH 5.0 buffers with scan rate of 0.1 V s−1.

Fig. 5. CVs in pH 5.0 buffers at 0.1 V s−1 for (a) PDDA/zeolite film, (b) PDDA/
zeolite film with 0.30 mMNaNO2, (c) {zeolite/Hb}7 film, (d) {zeolite/Hb}7 film
with 0.30 mM NaNO2, and (e) {zeolite/Hb}7 film with 0.60 mM NaNO2.

Fig. 6. RAIR spectra for (a) PDDA/zeolite film, (b) {zeolite/Hb}7 film, (c) pure
Hb film, (d) {zeolite/Mb}7 film, and (e) pure Mb film.
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response showed a leveling-off tendency, indicating a typical
Michaelis-Menten process [38].

Rotating disk voltammetry (RDV) was also used to investigate
the catalytic reduction ofH2O2 at {zeolite/protein}7 filmmodified
electrodes. Both Hb and Mb in the films demonstrated excellent
stability even under the rotating condition. After the addition of
H2O2, the reduction current increased significantly, and at suf-
ficiently negative potentials, the catalytic current reached the
steady state (not shown). The catalytic current at the steady state
had a linear relationship with H2O2 concentration in solution in a
certain range (Table 3).

The electrocatalytic reduction of hydrogen peroxide at
{zeolite/protein}7 film electrodes was also studied by ampero-
metry, which is one of the most widely employed techniques for
biosensors. The constant potential was set at 0 V vs. SCE after
optimization, and the catalytic reduction current was monitored
when aliquots of H2O2 were added. The stepped increase of
H2O2 concentration in buffers caused the corresponding growth
of catalytic reduction currents (Fig. 4B). In contrast, at the pro-
tein-free zeolite film electrode, no current response was ob-
served with the addition of H2O2.

The {zeolite/protein}7 films showed good catalytic reactivity
for the reduction of nitrite. For instance, the addition of NaNO2

in a pH 5.0 buffer resulted in a new catalytic reduction peak at
about −0.7 V for {zeolite/Hb}7 films, while the peak pair at
−0.3 V was nearly intact (Fig. 5). This new peak increased with
the further addition of nitrite and was used to quantitatively
determine the concentration of nitrite in solution (Table 3).
Direct reduction of NO2

− at PDDA/zeolite film electrodes was
observed at the potential of more negative than −1.2 V, indi-
cating that the films decrease the reduction overpotential of
nitrite by at least 0.5 V.

3.4. Structure features

The shape and position of infrared amide I and II bands may
provide detailed information on the secondary structure of
polypeptide chains of proteins [44,45]. The amide I band at
1700–1600 cm−1 is caused by CfO stretching vibrations of the
peptide linkage and the 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.Microscopic RAIR spectroscopy
was thus used to check the two amide bands and corresponding
conformational change of proteins in {zeolite/protein}7 films
(Fig. 6). For some reasons, the PDDA/zeolite films with no
protein incorporated showed some IR absorption in the amide I
region and thus interfered the observation of amide I band of the
proteins in {zeolite/protein}7 films. However, no peak was
observed in the amide II region for the PDDA/zeolite films.
Amide II band was therefore used to check the conformation of
proteins in the {zeolite/protein}7 films. Both pure Hb and Mb
films displayed the amide II band at 1539 cm−1, while {zeolite/
Hb}7 and {zeolite/Mb}7 films showed the amide II band at
1536 cm−1 and 1541 cm−1, respectively. The peak position and
shape of amide II band for {zeolite/protein}7 films were very
similar to those for pure corresponding proteins, implying that Hb
and Mb retain their near-native structure in the {zeolite/protein}7
films.

The surface morphology of {zeolite/protein}7 films was cha-
racterized by SEM. For instance, compared with MPS/PDDA
films, the {zeolite/Mb}7 films showed a much rougher surface
with many cavities or holes in it (Fig. 7). Similar morphology
was also observed for the {zeolite/Hb}7 films (not shown). The
porous structure of {zeolite/protein}7 films may allow the small
ions in buffers to go through the films very easily, which is
beneficial to the electron transfer of proteins in the films with
underlying electrodes.



Fig. 7. SEM top view image of (A) MPS/PDDA films on Au substrate and (B)
{zeolite/Mb}7 films on Au/MPS/PDDA surface.

Fig. 8. Dependence of CV reduction peak current (Ipc) of 0.5 mM K3Fe(CN)6 in
solutions containing 0.05 M KCl at 0.2 V s−1 on the number of bilayers (n) for
(a) {PSS/Mb}n and (b) {zeolite/Mb}n films assembled on PG/PDDA electrodes,
where n=0 corresponds to the PG/PDDA surface.

Fig. 9. (A) CVs at 0.2 V s−1 in pH 7.0 buffers for (a) {zeolite/Hb(pH 5.0)}7, (b)
{zeolite/Hb(pH 7.0)}7, and (c) {zeolite/Hb(pH 9.0)}7 films. (B) Influence of the
number of bilayers (n) on surface concentration of electroactive Hb (Γ⁎) for
{zeolite/Hb}n films assembled at different pH.
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To further investigate the porosity of {zeolite/protein}n films,
CV responses of Fe(CN)6

3− in solution as the electroactive probe
were tested with different number of bilayers (n) for {zeolite/
Mb}n films. For comparison, the porosity of layer-by-layer films
assembled by Mb and poly(styrene sulfonate) (PSS), which was
designated as {PSS/Mb}n, was also tested by the probe. The well-
defined, reversible reduction–oxidation peak pair at about 0.15 V
for Fe(CN)6

3−/Fe(CN)6
4− redox couple was observed at PG/PDDA

electrodes. When {zeolite/Mb}n or {PSS/Mb}n films were as-
sembled on the PG/PDDA surface, the peak currents for the probe
decreased with the number of bilayers (n) and tended to vanish
eventually (Fig. 8). This suggests that on one hand, these protein
films have some pinholes or channels, which allows the probe
ions to go through the films and reach the electrode surface to
undergo electron transfer, but on the other hand, the films also
have a considerable blocking effect to prevent the probe from
approaching the electrode surface. Thicker films showed more
pronounced blocking because of the less overall porosity of the
films. However, the decrease tendency of the reduction peak
current (Ipc) of Fe(CN)6

3− with the number of bilayers (n) for
{zeolite/Mb}n films was much slower than that for {PSS/Mb}n
films (Fig. 8). This suggests that the protein layer-by-layer films
made by using zeolite have higher porosity than the filmsmade by
using “soft” or flexible polyelectrolyte.

3.5. Driving force study

In the above work, when the {zeolite/protein}n layer-by-layer
films were assembled, the pH of the protein adsorbate solution
was set at 5.0, and the proteins had net positive surface charges.
However, when the pH of the protein adsorbate solution was
changed to 7.0 or 9.0, where the proteins were essentially neutral
or had net negative surface charges, the layer-by-layer assembly
of {zeolite/protein}n films was also realized. Take {zeolite/Hb}n
films as an example. The films assembled at different pH were
designated as {zeolite/Hb(pH 5.0)}n, {zeolite/Hb(pH 7.0)}n, and
{zeolite/Hb(pH 9.0)}n, respectively. The successful assembly of
{zeolite/Hb(pH 7.0)}n and {zeolite/Hb(pH 9.0)}n films were
confirmed by QCM (Table 1) and CV (Fig. 9). For QCM
experiments, a roughly linear frequency decreasewith the number
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of bilayer was observed for {zeolite/Hb(pH 7.0)}n and {zeolite/
Hb(pH 9.0)}n film systems, respectively, as observed for the
{zeolite/Hb(pH 5.0)}n films. However, the average adsorption
amount of Hb and zeolite in each bilayer for {zeolite/Hb(pH
7.0)}n or {zeolite/Hb(pH 9.0)}n films was much less than that of
{zeolite/Hb(pH 5.0)}n films, showing the sequence of pH
5.0NpH 7.0NpH 9.0 (Table 1). The results also provided an
evidence that the zeolite used in our experiments was negatively
charged in its dispersions.

For CV studies, when {zeolite/Hb(pH 7.0)}n or {zeolite/Hb
(pH 9.0)}n films modified on PG/PDDA electrodes were placed
in pH 7.0 buffers, the redox peak pair centered at about −0.35 V
for Hb heme Fe(III)/Fe(II) couples was observed, which grew
with the number of bilayers (n) up to about 7. Compared with the
{zeolite/Hb(pH 5.0)}7 films, the {zeolite/Hb(pH 7.0)}n or {zeo-
lite/Hb(pH 9.0)}n films demonstrated much smaller CV peak
currents (Fig. 9), in good agreement with the results of QCM. All
the {zeolite/Hb}n films assembled at different pH showed very
good stability.

4. Discussion

Heme proteins in {zeolite/protein}n films showed well-de-
fined, nearly reversible CV peaks for heme Fe(III)/Fe(II) redox
couples (Fig. 2) and demonstrated relatively large apparent
heterogeneous electron transfer rate constants (ks, Table 2).
Contrarily, Hb and Mb in solution demonstrated poor CV
responses at bare PG electrodes. This indicates that zeolite films
provide a favorable microenvironment for the proteins and en-
hance the electron exchange of the proteins with underlying
electrodes. The exact mechanism of the enhancement of zeolite
for the electron transfer of heme proteins is not very clear yet.
However, several factors may play an important role and should
be taken into consideration. (1) The good biocompatibility of
zeolite [46–48] makes it a good matrix to adsorb proteins and
keep their native structures, as IR spectra demonstrated (Fig. 6).
(2) The {zeolite/protein}n films assembledwith rigid zeolite have
lots of holes or channels in their architecture (Figs. 7 and 8),
which allow small inorganic ions in buffers to move into and out
of the films more easily, and thus enhance the conductivity of the
films and reduce the resistance of charge transfer. (3) The zeolite
particles have plenty of interconnected micro-voids inside, and
the {zeolite/protein}n films contain many cavities and channels,
all of which may host considerable amounts of water when the
films are placed in buffers. This aqueous-like microenvironment
may also be favorable for thewater-soluble proteins to retain their
original structures and transfer electrons with electrodes. (4) The
zeolite nanoparticles may have better adsorption selectivity
toward the heme proteins than toward the macromolecular im-
purities originally existing in the protein solution. The repeated
adsorption/washing steps in layer-by-layer assembly may be
helpful to remove the impurities from the zeolite surface. Thus,
the film assembly procedure probably acts as a purification
process, and the purified proteins would demonstrate better
reversibility at electrodes, as reported in literature [49,50].

The direct electrochemistry of Hb or Mb in cast zeolite films
was reported previously [10–13]. However, the present work
reports the direct electron transfer of the heme proteins in their
layer-by-layer films with zeolite for the first time. The advantage
of {zeolite/protein}n layer-by-layer films over their cast counter-
parts is the precise control of the film thickness. In addition, the
porous zeolite layer provides large surface area with high surface
energy, which may adsorb more amounts of proteins in each
adsorption step. The QCM results demonstrate that the nominal
thickness of protein layer in each adsorption step is about two
times larger than the monolayer dimension of the proteins
(Table 1). The proteins in {zeolite/protein}n films display rela-
tively high electroactive fraction in the first few bilayers closest
to the electrode surface (Fig. 3). Thus, the utilization efficiency
of the proteins in electrochemistry for {zeolite/protein}n layer-
by-layer films would be higher than that of the cast protein films
with zeolite. However, when the number of bilayers (n) becomes
larger, the fraction of electroactive proteins declines drastically,
and after 7 bilayers, the proteins are not electrochemically ad-
dressable any more (Fig. 3). The porosity of {zeolite/protein}n
films is also beneficial to the substrate transport within the films
in catalysis. The easiness of small H2O2 molecules or NO2

− ions
going through the porous films and contacting the proteins
results in the low detection limit and good sensitivity in catalytic
determination of the substrates (Table 3).

The zeolite particles usually have negative charges in
dispersions [31], while the net surface charge of Hb is positive
at pH 5.0 with its isoelectric point at pH 7.4 [32]. Thus, the
primary driving force for the assembly of {zeolite/Hb(pH 5.0)}n
layer-by-layer films would be electrostatic attraction between
oppositely charged zeolite and Hb. However, the assembly of
{zeolite/Hb(pH 9.0)}nmultilayer filmswas also realizedwhen the
zeolite and Hb have the same net negative surface charges
(Fig. 9). There are two possible explanations for this “counter-
intuitive” result. One is the charge inhomogeneity on the protein
surface, which results in the localized electrostatic attraction
between positively charged groups on Hb surface and negatively
charged zeolite. There are considerable amounts of lysine (Lys,
pKa=10–12 [51,52]) and arginine (Arg, pKa=12–13 [51,52])
residues on Hb surface, which are positively charged even at pH
9.0. Some of these positive groups on Hb surfacemay be involved
in electrostatic interaction with oppositely charged zeolite, giving
rise to the assembly of {zeolite/Hb(pH 9.0)}n films. This expla-
nation was also reported in other layer-by-layer films of proteins
with like-charged polyions or nanoparticles [25,26,53]. Another
explanation for this “abnormal” result is the charge reversal of Hb
when the protein is adsorbed on the zeolite. The negatively
charged zeolite layer tends to attract more amounts of H+ from
solution, whichmay make the pH on zeolite layer surface become
much lower than that in bulk Hb adsorbate solution, even leading
to the reversal of pHon zeolite surface fromhigher thanpI to lower
than pI of Hb. The reversal of net surface charge of amphoteric Hb
from negative to positive may make the assembly of {zeolite/Hb
(pH 9.0)}n films become possible. This explanation was reported
to be possible according to the theoretical calculation for the
adsorption systems of like-charged proteins and polyelectrolytes
[54–56]. Both the explanations need to be tested and confirmed by
further studies. However, they are all of electrostatic origin. Thus,
for both {zeolite/Hb(pH 5.0)}n and {zeolite/Hb(pH 9.0)}n films,
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the main driving force for the assembly should be the electrostatic
interaction between zeolite and Hb, whereas the short-range
hydrophobic interactions or/and hydrogen bonding could not be
ruled out completely. The successful assembly of {zeolite/Hb(pH
7.0)}n films, and the sequence of the amount of electroactiveHb at
the same n (pH 5.0NpH 7.0NpH 9.0) may also be explained by
the similar reasons.

5. Conclusions

Zeolite particles with their unique characters were success-
fully assembled layer-by-layer with heme proteins on solid
surfaces mainly by electrostatic interaction. Ordered {zeolite/
protein}n multibilayer films on PG electrodes demonstrated
well-defined direct CV responses for heme Fe(III)/Fe(II) redox
couples of the proteins and good electrocatalytic activity toward
reduction of H2O2 and NO2

−. The {zeolite/protein}n films de-
monstrate good porosity, which not only is helpful to the elec-
tron transfer of the proteins in the films, but also is beneficial
to the mass transport of catalysis substrates through the films.
Based on this, {zeolite/protein}n films show quite high sensi-
tivity in sensing the substrates of environmental or biological
significance. The good sensitivity in analysis of the films,
combined with the high stability, suggests that the {zeolite/
protein}n layer-by-layer films may have a potential applicability
in developing the new type of electrochemical biosensors based
on the direct electrochemistry of proteins without using any
mediators.
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